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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of The
Pennsylvania State University on the third and final year of thie program on “Plezoelectric
and Electrostrictive Malcerials for Transducers Applications™ sponsored by the Office of Naval
Research (ONR) under grand No. NOO014-89-J-1689. This marks the termination of a very long
and highly productive scquence of contracts and grants focusing on the development of new
malerials for Plczoclectric and Electrostrictive transducer applications carried through under
core ONR funding. Fortunatcly many elements of the work will be continuing on a new
Universily Rescarch Inltiative {(URI) program under ONR sponsorship.

Highlights of the past ycar's aclivities include: An Incrcascd cmphasis upon the
flextensional (mwounic) type actuators, modeling both (lie internal stress distribution as a
[unction of geomelry, and the very Inleresting resonant mode structure of the composites; A
more refined focus upon the performance of plezoelectric ceramic transducers, particularly
under high drive lcvels is developing with ~nncern for the extrinsic domain and phase
boundary conlrlbutions lo responsc. Measurenienl and modelling are belng used to explore the
nonlinearily and the frequency response and (o examine the phase partitioning at the
rhombohedral : tctragonal morphotropic phase boundary in the PZT system. Phenomena
limiting lifclime in polarization and phase swilching aclualors are belng explored Lo separate
surface and voluinie effects and those due Lo grain size and flaw population differences. New
work has been inillaled {0 examine Acoustic Emission as a technique, in comblnation with
Barkhausen current pulse analysis, to separale and evaluaie domain swilching and
microcracking in polarization swilching sysiems.

From work on this program it has now become clear that the relaxor ferroelectrics are
in fact closc analogucs of the magnetic spin glasses, so that the spin glass formalism can be
used to explain the very wide range of dielectric, elastic and electrostrictive properties. The
remaining outstanding fundamental problem is that of the detailed interrelationship between
the known nano-helerogeneily in the structure and chemistry and the nanopolar regions
which contribute the electrical response.

Of very high practical interest is the manner in which the relaxor can be field blased
into extremely slrong piczoclectric response. Work is going forward to examine this response
In detall and to cxplore the possibility that such “super-responses’ can be induced by chemical
{solid solulion) means.

Processing studies have focused upon new lower temperatlure consolidatlions for

relaxors, and upon new compositions for high temperalure piezoelectric ceramics.

In paralicl with thie ONR Transducer Program the Laboratory has extensive DARPA
sponsored rescarch on ferroclectric thin fiims, Since the {ilms structures frequently involve
malerials like the PZT, PMN : PT, PLT and PLZT families of composilions and do explore
piczoelectric cffects and applications, a small group of the mosl relevant papers form this

program are appended to the report.
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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of The
Pennsylvania State University on the third and final year of the program on “Piezoelectric
and Electrostrictive Materials for Transducers Applications” sponsored by the Office of Naval
Research (ONR) under grand No. NOO0O14-89-J-1689. This marks the termination of a very long
and highly productive sequence of contracts and grants focusing on the development of new
materials for Piezoelectric and Electrostrictive transducer applications carried through under
core ONR funding. Fortunately many elements of the work will be continuing on a new
University Research Initiative (URI} program under ONR sponsorship.

Highlights of the past year's activities include: An increased emphasis upon the
flextensional (moonie) type actuators, modeling both the internal stress distribution as a
function of geometry, and the very interesting resonant mode structure of the composites; A
more refined focus upon the performance of piezoelectric ceramic transducers, particularly
under high drive levels is developing with concern for the extrinsic domain and phase
boundary contributions to response. Measurement and modelling are being used to explore the
nonlinearity and the frequency response and to examine the phase partitioning at the
rhombohedral : tetragonal morphotropic phase boundary in the PZT system. Phenomena
limiting lifetime in polarization and phase switching actuators are being explored to separate
surface and volume effects and those due to grain size and flaw population differences. New
work has been initiated to examine Acoustic Emission as a technique, in combination with
Barkhausen current pulse analysis, to separate and evaluate domain switching and
microcracking in polarization switching systems.

From work on this program it has now become clear that the relaxor ferroelectrics are
in fact close analogues of the magnetic spin glasses, so that the spin glass formalism can be
used to explain the very wide range of dielectric, elastic and electrostrictive properties. The
remaining outstanding fundamental problem is that of the detatled interrelationship between
the known nano-heterogeneity in the structure and chemistry and the nanopolar regions
which contribute the electrical response.

Of very high practical interest is the manner in which the relaxor can be field biased
into extremely strong piezoelectric response. Work is going forward to examine this response
in detail and to explore the possibility that such “super-responses’ can be induced by chemical
(solid solution) means.

Processing studies have focused upon new lower temperature consolidations for
relaxors, and upon new compositions for high temperature piezoelectric ceramics.




In parallel with the ONR Transducer Program the Laboratory has extensive DARPA
sponsored research on ferroelectric thin fllms. Since the films structures frequently involve
materials like the PZT, PMN : PT, PLT and PLZT famnilies of compositions and do explore
piezoelectric effects and applications, a small group of the most relevant papers form this

program are appended to the report.




INTRODUCTION

This report documents work carried out in the Materials Research Laboratory of The
Pennsylvania State University over the third and final year of the program on *Piezoelectric
and Electrostrictive Materials for Transducer Applications” sponsored under grant no.
N00014-89-J-1689 from the Office of Naval Research. In general the change of emphasts which
was initiated last year (ONR Report for 1990} has continued and intenstfied, with the group
studies moving away form purely sensing systems and toward a more balanced approach to
both sensing and actuating functions for ceramic, ceramic polymer, and ceramic metal
composite systems.

For reporting purposes, the activities have been grouped under the following topics.
GENERAL SUMMARY PAPERS.

COMPOSITE MATERIALS.

PIEZOELECTRIC CERAMICS.

PHENOMENOLOGICAL STUDIES.

RELAXORS AND RELATED SYSTEMS.

PROCESSING STUDIES

FERROELECTRIC THIN FILMS.

Following precedent established over more than fifteen earlier reports, the report will
present a brief narrative description of the work making reference for details to the published
studies which are appended as technical appendices and form the bulk of the document.

Over the past year we have combined a continuing emphasis on the research topics and
advances necessary to maintain leadership in the area of Transducers with the need to bolster
the educational background for people who will soon be driven to using active mechanical
systems to maintain a competitive position. In the Second International Summer School on
Ferroelectrics, L. Eric Cross gave the opening address summarizing many of the techniques in
Ferroelectric Ceramics for tatloring properties to specific application and R. E. Newnham gave
the closing address on Smart Ceramics. For the ADPA/AIAA/ASME/SPIE Conference on
Active Materials and Adaptive Structures the Penn State Group (Cross. Newnham and Uchino)
gave a full one day tutorial on piezoelectricity in crystal and ceramics and the application of
piezoelectrics to Actuator Structures. The Gordon Conference on Ceramics was organized
around the possibility for engineering super response, with Cross opening the proceedings.
Perhaps a rather clear indication of the dominant position which the Penn State Group has
achieved in electric ceramics is the fact that at the upcoming 94th Annual Meeting of the
American Ceramic Society, Cross will give the Orton Lecture and at the same meeting
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Newnham will follow with the Sossman Lecture. These educational ventures are of course a
subsidiary but important contribution enabled by the continuing ongoing ONR support.

In the technical area, the continuing trend has been to increase activity relevant to the
material systems most tmportant for Actuation both for single phase and composite familles.
For larger strains at lower forces than bulk ceramics, the flextensional (moonie) offers an
almost ideal intermediate between solid ceramic and current bimorph structures and the
combination of the Moonie with a multilayer co-fired element offers 50 u meter strain at low
control voltages.

For the 1 : 3 composites which are becoming increasingly important for large area
actuation, new exact solutions for the strain behaviour are being formulated but these are not
yet published and will be reported next year.

Concern for the behaviour of both piezoelectrics and electrostrictors at the high
continuous drive levels necessary for many actuation functions is being addressed by studies to
separate surface and volume effects, grain size related effects and the role of the flaw
populations in limiting cycle lifetime. New work has been started to compliment these
approaches by using acoustic emission analysis in conjunction with Barkhausen pulse
analysis to attempt distinction between noise associated with domain switching and that
associated with micro-cracking. Extrinsic contributions from domain wall and phase
boundary motion which become important in all piezoceramics at high drive levels are being
explored both experimentally and theoretically, measuring nonlinearity and frequency
dispersion and by extending Arlt's! model for the domain contribution into the nonlinear
regime.

Work on the relaxor ferroelectrics continues to further substantiate the analogue to
spin glass behaviour in magnetic systems, and the full panoply of the spin glass formalism is
being used to describe the material properties. A major developing interest is in the detailed
origin of the exceedingly large induced piezoelectric effects in polarization biased
electrostrictors and in the exploration of systems combining end members with relaxor and
ferroelectric properties.

Processing studies continue to explore different techniques for generating fine powders
of conventional perovskite ferroelectrics. More recently however the ultra high Curie
temperature strontium pyroniobate family is being examined and hot forged grain oriented
samples of LagTioO7 have been produced. The objective is to develop piezoelectric materials
with very wide working temperature range.

The ferroelectrics group in MRL is also involved in a significant program under DARPA
sponsorship to produce thin films of ferroelectric materials. The composition of interest




embrace the perovskite PZTs, PTs, PLTs and PLZTs and though the emphasis is upon
generating switchable compositions for nonvolatile semiconductor memory, it is necessary to
know the piezoelectric response and its potential problems and applications. For
completeness a small selection of the papers most relevant to the piezoelectric behaviour is
also appended.

1.0 GENERAL SUMMARY PAPERS

In a very broad ranging survey (Appendix 1). Eric Cross explored dielectric,
plezoelectric, pyroelectric and electro-optic applications of ferroelectric ceramic, introducing
the week long deliberations of the Second International Summer School on Ferroelectrics in
Ascona, Switzerland. The primary focus was on dielectric and piezoelectric systems and
introduced much of the effort ongoing in MRL, particularly on this ONR program to tailor
properties for these spectfic applications.

For Advanced Ceraiiitcs (Electronic) Newnham (Appendix 2} covers a wider range of
topics including magnetics and semiconductors, however the focus on techniques for
multilayer systems is important in the context of the actuator studies.

20 COMPOSITE MATERIALS

Tuneable Transducers (Appendix 3} by R E. Newnham highlights the possible
application of nonlinear properties to smart and very smart systems. The focus is upon the
relaxor ferroelectric and the tuning of the piezoelectric response under DC field bias.

The article on Composite Electroceramics (Appendix 4) by R. E. Newnham gives a
general introduction to the important controlling parameters, highlighting the roles of
connectivity, symmetry and scale in determining a wide range of properties. For systems
involving transport, the important of percolation and the percolation threshold are
introduced and polychromatic percolation is briefly discu.sed.

Tuneable Transducer for Smart Materials (Appendix 5) by Michael Blaszkiewicz and R
E. Newnham deals with the possibility of using an elastomer under mechanical stress to
control compliance in a composite. and thus to tune the resonant frequency of a coniposite
resonator. Electrical tuning was introduced by incorporating a piezoelectric actuator stack to
generate the modulating stress.

The paper on Piezoelectric Composite with High Sensitivity and High Capacitance for
Use at High Pressure, by Xu, Yoshikawa, Belsick and Newnham (Appendix 6) underscores the
advantages of the flextensional (Moonie) structure in providing high dn. high gh.
high dngnh/tan § large capacitance and low tangents & in combination with the robustness




required for deep submergence. Ceramic Metal Composite Actuators by Xu, Dogan, Tressler,
Yoshikawa and Newnham (Appendix 7) examines the flextensional moonie as an actuator and
points up the excellent motion amplification which can be achieved in this system.

S0 PIEZOELECTRIC CERAMICS

From dielectric measurements the work by Q. Y. Jiang, W. Cao and L. E. Cross on the
“Effects of Surface Layers on Physical Properties of Lanthanum Doped Lead Zirconate Titanate
Ceramics” (Appendix 8) uses the effects of changing sample thickness to delineate clearly a
nonferroelectric layer on conventional ground and polished samples, the manner in which
this layer can be removed by etching and through post annealing the separation of the effects of
pure capacitance padding and of the two dimensional stress generated by the processing.

The importance of the electrode sample interface is further stressed in the paper on
“The Influence of Surface Contamination on Electrical Fatigue of Ferroelectrics” by Jiang, Cao
and Cross (Appendix 9) which shows the importance of an exceedingly clean ferroelectric
surface in relieving the switching fatigue for polarization reversal and large strain switching
in 7 : 68 : 32 PLZT.

These fatigue effects are summarized in the paper by Cross and Jiang on Fatigue Effects
in High Strain Actuators (Appendix 10) which underscores also the tmportance of small grain
size and pore free character (optical transparency) in reducing fatigue effects so that saturated
polarization switching may be extended to ~10° cycles.

Our intention is to use Acoustic Emission to explore polarization switching in PZTs. In
preparation for this study more conventio.ial AE has been explored in the paper Acoustic
Emission in Ferroelectric Lead Titanate Ceramics : Origin and Recombination of Microcracks
by V. Srikanth and E. C. Subbarao (Appendix 11). Here heating and cooling through Tc has
been used to initiate the cracking in Niobium modified lead titanate. The method was also used
to confirm the healing of microcracks as had been postulated much earlier by Buessem.2

The following six papers deal with aspects of the behaviour of Lead zirconate titanate
ceramics. In the discussion of the MPB in the PZT system M. Fukuhara, A. S. Bhalla and R. E.
Newnham look at the general considerations which suggest that the phase change is driven by
polarizability differences and by the coupling to the elastic strain field (Appendix 12).

A three dimensional Landau-Ginsburg model is constructed by Cao and Cross to develop
a “Theory of Tetragonal Twin Structures in Ferroelectric Perovskite with First-Order Phase
Transition” (Appendix 13) and a quasi one dimensional solution obtained for 180° and for
change neutral 90° twin walls. The elastic deformations and dimensional changes associated
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with the twin structures are delineated in the parameters of the model and the tmplications for
piezoelectric effects in ceramic ferroelectrics are discussed.

In the two papers of Appendices 14 and 15 Shaoping Li, W. Cao, R. E. Newnham and L. E.
Cross examine the extrinsic nonlinearity in lead zirconate titanate ferroelectric ceramics.
Appendix 14 presents preliminary experimental evidence to confirm that the nonlinearity of
the poled ceramic is extrinsic and uses an extension of the model by Arlt and co-workers3 to
describe the nonlinearity. Appendix 15 gives a more complete treatment of the problem. The
analysis traces in more detail the origins of the loss and explores the influence of high driving
fields upon the resonant frequency of the poled ceramic.

The inhomogeneous stress and field distribution in the vicinity of a Griffiths type IiI
crack tip in a piezoceramic is explored by Li, Cao and Cross in Appendix 16. The paper tackels
the rather straightforward problem of a type Il crack along the x) axis extending through the
ceramic in x3 which is the poling direction. Stress intensify factors are worked out for fields
applied along x2 and for shear stress applied 632. Clearly in this configuration the effects of
stress and field can add or subtract depending on the sign of the field.

40 PHENOMENOLOGICAL STUDIES

In observations on thin films structures carried out in Hitachi Laboratories for
epitaxial PbTiO3 films, a rather massive {§0°C) shift of the apparent Curie temperature was
observed for certain preparation conditions. Appendix 17 describes a straightforward
application of Devonshire Theory by Rossettl and Cross using values for PbTiO3 delineated in
this Laboratory to suggest that the origin may be in a two dimensional effective compressive
stress ~400 MPa, which has little effect upon the room temperature values of piezoelectric or
dielectric properties. ‘

From a very careful x-ray and phenomenological study in the Pb).xLax{Zro 65T10.35)
1-x/403 system Rossetti, Nishimura and Cross (Appendix 18) came to the very important
conclusion that in this PLZT system the T, as determined from Landau-Ginsburg-Devonshire
Theory is independent of the lanthanum concentration, and that the apparent shift of the
dielectric permittivity maximum is associated with a freezing in of dynamical nanopolar
regions which originate at this interpreted LGD Curie temperature. The analysis gives
additional support to the earlier assertion by Burns et al. that the onset of polar micro regions
in PLZT is not affected by the Lanthanum content but does suggest that the so called Burn
temperature is not associated with a static dipole, but with the onset of conventional
ferroelectric ordering in regions which are of a size to be unstable against thermal vibrations.

11




A problem which has not here-to-fore been effectively considered is that of how the
rhombohedral and tetragonal phases at the morphotropic phase boundary should proportion
themselves. In Appendix 19 Cao and Cross show that the lever rule which is frequently used is
completely invalid for the PZT case and that in fact the width of the co-existence region is a
function of the domain (crystallite) size, going to zero for macroscopic dimension.

80 RELAXORS AND RELATED SYSTEMS

An excellent account of the complete experimental data which forces the conclusion
that the relaxor ferroelectrics are spin glass systems is summarized in the thesis in Solid State
Science by D. D. Viehland. The abstract for the thesis is included as Appendix 20, the full thesis
is now avallable through University Microfilms.

The papers published on the analysis of dielectric relaxation in Lead Magnesium
niobate in terms of the Vogel-Fulcher relations is given in Appendix 21, the anelastic
relaxation and its close correl.tion with the dielectric response in Appendix 22 the btas field
dependence of the dielectric response and its relevance to the local polar configurations is
discussed in Appendix 23 and the analysis leading to the concluston that lead magnesium
niobate is a spin glass is detailed in Appendix 24. In several senses this work does we believe
put the capstone upon more than 20 years of continuous study of the dielectric response in what
have come to be called the relaxor ferroelectrics.

The Tungsten Bronze structure family is an tmportant group of oxide ferroelectrics with
structures based on corner sharing oxygen octahedra and the frequent occurrence of
interesting ferroelectric and relaxor ferroelectric properties. The structure is more complex
than the perovskite and of lower symmetry (tetragonal 4/mmm prototype) but again the
crystals have high permittivity and strong piezoelectric effects. A composition family of
special interest is the solid solution between Lead metaniobate and barium metaniobate (PBN).
Appendix 25 reproduces the abstract from the PhD thesis in Solid State Science by Dr. Ruyan
Guo which involved a very comprehensive study of the PBN solid solution family. The work
was submitted to the Penn State Campus wide Xerox awards committed and judged to be the
best PhD thesis submitted tn 1991.

PBN is one of the most interesting bronze solid solution systems since it embraces a
morphotropic phase boundary at the composition Pbg g3Bag 37Nb20¢ separating a phase with
orthorhombic and a phase with tetragonal ferroelectric domain state symmetry.

Ruyan's studies have clearly delineated the nature of the MPB and the orientations of
the polar vector in the tetragonal and in the orthorhombic ferroelectric phases (Appendix 26).
It is most interesting to note that both tetragonal and orthorhombic phases show relaxor
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ferroelectric character for directions perpendicular to the dominant polar vector direction so
that one must conclude that in these solid solutions there is a nanostructure within which the
true symmetry is monoclinic and the polar vector tilted slightly away from the high symmetry
direction in the domain. A further complexity in the PBN system is the occurrence of
incommensurate ferroelastic displacement structures (Appendix 27) which can have lock In
phase transitions even above the ferroelectric Curie temperature.

The relaxor PbSc) /2Ta)] /203 in the perovskite structure family is unique in that by
ordering the Sc/Ta cations on the B site of the ABO3 structure using thermal annealing it is
possible to go continuously from well defined relaxor response to a sharp first order
ferroelectric phase change. Extensive studies by Dr. Jayne Giniewicz of the system
PbSi)/2Ta1 /203 : PbTIO3 are summarized in the abstract of her PhD thesis in Solid State
Science which is included as Appendix 28. It s interesting to note that the region in which
ordering may be changed by annealing only extends up to 7.5% lead titanate in the solid
solution, but that for compositions between 0.4 and 0.45 mole% PbTiO3 a morphotropic phase
boundary occurs to a tetragonal ferroelectric region.

Pyroelectric studies of compositions in the variable order region up to 7.5 mole% lead
titanate (Appendix 29) show very high sensitivity and properties which may be most
advantageous for thermal imaging systems. It is evident that combinations of relaxor
ferroelectrics with strong ferroelectric phase can give both interesting piezoelectric and high
sensitivity pyroelectric properties. Studies of the polarization behaviour in lead magnesium
niobate : lead titanate solid solutions shows that high figures of merit can be achieved
{Appendix 30).

60 PROCESSING STUDIES

For the lead magnesium niobate : lead titanate solid solution system it is interesting to
explore how the processing temperatures can be modified by glass additives (Appendix 31).
Studies by Srikanth and Subbarao suggest that high density perovskite structure compositions
can be densified at 800°C to yield dielectric properties which could be most interesting for thick
film capacitors.

To expand the range of ferroelectric properties to higher temperature, exploratory
studies are being carried out upon the Strontium Pyroniobate family of ferroelectrics. The
production of powders and of grain oriented ceramics of LaaTigO7 is reported in Appendix 32.
Excellent low loss dielectric response is achieved and there s clear evidence of strong grain
orientation. Studies are now being extended to explore possible poling methods to achieve
piezoelectric response.
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Two studies relevant to the production of ultra fine Lead titanate powders by
hydrothermal methods have been accomplished. In Appendix 33 the effects of pH and of HoO9
upon the crystallization of Lead titanate in a hydrothermal environment are delineated and in
Appendix 34 the kinetics of the hydrothermal crystallizations are explored and conditions
delineated which permit the growth of uniform crystallites in the size range from 750 down to
20 nanometers.

Two studies have examined the possible use of the new Yttrium barium cuprate
superconductor in its metalic phase above T, as an electrode material for ferroelectric
transducers. Appendix 35 reports studies of thick films of YBCO on PZT, PMN : PT and Barium
titanate using conventional firing. In all cases these was evidence of interaction between
electrode and ceramic with the minimum adverse effect in the PZT family. Extension of these
studies using rapid thermal processing improved matters significantly (Appendix 36) yielding
strongly adhering coatings with performance identical to gold electrodes on PZT, but still some
adverse reaction with PMN : PT compositions.

To improve the performance of the oxide electrodes a new search was initiated for
sintering aids which could lower the temperature for densification of PZT. Based on these
studies a new family of fluxes has been discovered which permit densification at 950°C without
loss of properties. These fluxes are now the subject of a patent disclosure and the publication is
held up whilst this is being processed.

70 FERROELECTRIC THIN FILMS

Five short papers which stem from work outside the ONR contract are included because
of their potential interest and relevance to transducing structures.

In Appendix 37 it is shown that high permittivity PMN : PT solid solutions can be
deposited by sol-gel spin on techniques onto platinum electrodes on silicon, which would hav~
interesting potential as field switchable piezoelectric micro-actuators.

In the PbZrO3 - Pb(Zn) /3Nb2/3)03 solid solution system compositions close to, but on
the ferroelectric side, of the antiferroelectric : ferroelectric morphotropic phase boundary have
been fabricated in thin film form by sol-gel spin on processing (Appendix 38). The excellent
hysteresis and low coercivity suggest strong piezoelectric response and the possibility of high
strains in antiferroelectric : ferroelectric switching. Such switching compositions have been
realized in the Pbo.g7Lag.02 (Zr)-x-yTixSny)O3 perovskite (Appendix 39) and do show the
expected high strain associated with induction of the ferroelectric phase.
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Use of the piezoelectric response in conventional PZT thin films to produce micro-
versions of the flexure surface wave piezoelectric motor are discussed in Appendix 40, and the
possible application of such motors, to microrobots in Appendix 41.
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FERROELECTRIC CERAMICS
TAILORING PROPERTIES FOR SPECIFIC APFLICATIONS

L. Eric Cross

Evan Pugh Professor of Electrical Engin
Materials Research Laboratory
The Pennsylvania State Untversity
University Park, PA 16802-4801 USA

INTRODUCTION

Ferroelectric axide ceramics are used in a very broad range of functional
ceramics and form the materials base for the majority of electronic applications.
These electronic applications account for more than 60% of the total high technology
ceramics market worldwide.l It is the purpose of this tutorial paper to examine the
range of physical properties which make the ferroelectrics attractive for electronic
applications and the techniques which can be used to modify, control and optimize
these families of properties.

Major applications can be divided into five distinct areas which draw upon
different combinations of properties.

Dielectric applications make use of the very high dielectric permittivity ey, low
dispersion and wide frequency range of response for compact capacitors in multilayers,
thick and thin film forms.2 Nonlinear hysteritic response is of interest also for thin
film nonvolatile semiconductor memory,d and high permittivity films are of interest
for local capacitance in high count DRAMs and both on and off chip in packaging. ¢

Pezoelectric and Electrostrictive responses in poled and unpoled ferroelectric
and relaxor ferroelectric compositions are of importance in Transducers® for
converting electrical to mechanical response.® and vice versa.” Sensor applications
make use of the very high piezoelectric constants dyi of the converse effect, which also
permit efficient conversion of electrical to mechanical response.® For Actuation the
strong basic electrostrictive coupling can be exploited for very high precision posttion
control® and the possibility of phase and domain switching with shape memory used in
polarization controlled actuation.10

Pyroelectric systems rely upon the strong temperature sensitivity of electric
polarization (dP,/dT),1] the pyroelectric effect in ferroelectrics, for the bolometric
detection of long wavelength infra red (IR) radiation.!2 Simple point detectors are
widelyusedmdomesucandmdusmﬂapplbam“ and there is now a strong focus
upon tmagm%systems which may be used for nigh vision!4 and for thermal-medical
diagnostics.!

P.T.C. semiconductors are a specialized area of application tn which the barrier
to charge transport at the ceramic grain boundary in specially processed barium
titanate based ceramics is controlled by the polarization state of the ferroelectric,16
giving rise to an extremely strong positive temperature coeficient of resistivity (PTCR
effect) controlled by the Curie point of the ferroelectric composttion.17

In Electro-optic applications the properties of interest are the high quadratic18
and linear!9 electro-optic coefficients (ryk. gykt) Which occur tn ferroelectrics and the




manner in which these can be controlled in modulators,20 switches,2! guided wave
structures and photo-refractive devices.22

In this tutorial, the dielectric, piezoelectric and electrostrictive applications
will be the focus, but the techniques examined to modify and tmprove properties will
also be valid for many of the other material needs.

Considering the nature of the properties to be optimized two tmportant features
will be stressed. Firstly the interest s in bulk, lattice properties controlled largely by
the crystal structure of the ceramic. Secondly in every case it is augmented compliance
(softness) which is of interest, in contrast often to the structural ceramics where it is
stiffnesses which must be augmented. It follows then that instability of the lattice will
be of tmportance, since this engenders compliance, and thus phase changes which are
the finger prints of instability will be of major tmportance. Frequently to improve
properties then, we are looking to exploit and control solid state phase transitions.

Clearly a bounding condition is that the crystal structure must permit
ferroelectricity in a useful region of temperature and pressure, and must be of a type
which can be exploited in the simple polycrystal ceramic form. In fact, all of the
structures of interest are based on regular arrays of axygen octahedra, and the stmple
perovskite structure is certainly the most widely used.

The interesting oxygen octahedron structures which show strong ferroelectric
properties with high usable temperature ranges are all based upon corner linking of
oxygen octahedra. The stmplest arrangement is the very well known perovskite
structure Fig. 2.1 where the octahedra are linked in a regular cubic array forming the
high symmetry m3m prototype for many ferroelectric forms. The small 6 fold
coordinated site in the center of the octahedron is filled by a small highly charged (3.4.5
or 6 valent) cation and the larger 12 fold coordinated ‘interstitial’ site between
octahedra carries a larger mono, di or trivalent cation, or is empty as in WO3.

The perovskite structure is a common stable form for many double oxides, but
ferroelecmcit{mnotdtscoveredlnthefamnyunmmewly 1940s, when Wainer
and Soloman23 in the USA, Ogawa?4 in Japan and Wul and Goldman?5 i the USSR
made almost stmultaneous discovery of ferroelectricity in bartum titanate BaTiO3. The
US study was part of a ‘crash' program during Worid War II to discover a ceramic
substitute for mica which was being exhausted by rapidly escalating military needs. It
is perhaps interesting to note that BaTiOs which was the highlight of these early studies
is still the base for the composition of most of the worid’s ceramic capacitors. An
tmuuﬂqdmuumdearlywwka?mhasbeenwnedfmmwumu
Company and is now available in book form?® for those well versed in the language.
Perhaps now it may be posasible to catalogue more completely the Soviet contribution to
complete the early history of the titanates. Structural information for a very broad
range of perovskites s available in the early book by Galasso.27which is now being
revised and updated. Certainly the most complete trustworthy cataloguing of
ferroelectric oxide perovskites is given in the Landoit Bornstein Vol. 16a on oxide
ferroelectrics.28 This tabulates more than 100 perovskite compounds and inumerable
solid solutions between compounds.
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Fig. 2.1 The unit cell for a typical cubic perovskite bartum titanate tn the cubic Pm3m
prototypic phase above Te.
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Fig. 2.2 Projection down the c{3) axis of a unit cell in the tungsten bronze structure.
Site Jocations are marked and the structure related formula is given. Roman
superscripts mark the coordination of the fons at each site location.
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Of major tmportance in ceramic dielectric applications are BaTiO3 and solid
solutions with SrTiOg, PbTIOs. BaZrO3, BaSnO3, CaTi03....... and a range of bismuth
oxide based modifiers. In piezoelectrics the higher Curie points in the PbTI03:PbZrO3
solid solutions and the unusual ferroelectric phase makeup are vital and in both
dielectric and electrostrictive application the Pb(B;B2)O3 mixed cation compositions
are becoming of increasing interest where B} may be Fe, Ni, Mg, Zn..... and B2, T\, Zr,
Nb, Ta, W.... ete.

In current electronic ceramic applications only perovskite structure
compositions are used, however with increasing sophistication in ceramic processing it
is probably that strongly grain oriented structures may become practicable. The newer
thin Nlm structures also provide avenues for orientation using topotactic
configurations on suitable substrates, so that ferroelectrics from lower prototypic
symmetries may become of interest in ceramics.

The next most versatile structure family are the Tungsten Bronze structure
ferroelectrics with the octahedron arrangement in fig. 2.2 . The rotations of the
octahedra evident in the ab plane of the structure in 2.2 reduce the point symmetry to
tetragonal (4/mmm) with layers stacked in regular sequence along the 4 fold (c) axis.
The arrangement distinguishes two inequivalent 6 fold coordinated B sites at the
centers of inequivalent octahedra with S, 4 and 3 sided tunnels for the A site cations
extending along the ¢ axis giving the structure related formula for the bronzes.

(Ady AL (Cde (Bilz (Bds Oso -

The bronzes are a very rich family of oxide ferroelectrics with Curie
temperatures reaching up to 560°C and more than 85 compounds in the most recent
survey.29 Again there is very extensive solid solution between end members3? and the

open nature of the structure as compared to the perovskite permits a very wide range of
cation and anion substitutions without loss of ferroelectricity.

The bismuth oxide layer structures for which Bi4Ti3012 is the prototype are
depicted in fig. 2.3 and have structures based on corner linked perovskite like sheets,

separated by bismuth oxide (Bi202)3* layers.31 Composttions with 1, 2, 3, 4 and 5 layers
are known and there is limited mutual solid solubiitty.32

The lithum niobate structure is really a variant of the perovskite fig. 2.4 and a
much more restrictive arrangement, so that only LiINDOs, LiTaO3 and a very limited
range of solid solutions based on these compounds have this form.

In what follows, the discussion is centered on systems with the perovskite
structure,

PHASE TRANSITIONS IN PEROVSKITES

Three different types of phase transitions are of interest in the perovskites,
starting from the highest symmetry cubic form.

e Stmple proper ferroelectric transitions leading to fully ferroelectric partically
ferroelastic species.




\\

Fig. 2.3 One half of the tetragonal (4/mmm) unit cell of PbBigNb20g. A denotes the
perovskite double (PbNbO7)2"; B denotes a hypothetical PbNbO3; C
denotes the layers.

Fig. 2.4 Structure of ferroelectric LINDO3 and LITaO3 (40).
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o Antiferroclectric transitions close in free energy to the ferroelectric forms, giving
rise to interesting diclectric and to tmproper ferroelastic species.

o Oxygen octahedron tiiting transitions which can occur independently, or in
association with either ferroelectric or anttferroelectric forms.

rembcblcmnmm

Moet tmportant for thetr profound influence on the dielectric polarizability and
the resultant sequence of polar variants are the simple proper ferroelectric transitions.
In the symmetry classification of Azu33.34.35 gnd of Shuvalovo® the high symmetry
cubic m3m prototype can give rise to aix different polar species (Table 3.1). The vector
directions of polarization which are specified with respect to clements of the prototype
symctryformthedomammtaofthefmuelecmcfonnmmhcasegMngG. 12, 8,
24, 24 and 48 domain polarization directions respectively.

TABLE 3.1

Ferroelectric phase transitions poastble from the cubic m3m prototype
following the symbolism of Shuvalov.

Ehase Symmetry Polarization Components Shuvalov Species
Cubic m3im Pi=P;3Py=0 Prototype
Terragonal  4mm Pt#0 Pl=Pj=0 mIm(3)D4Fémm
Orthorhombic mma2 Pt=Pi20 Pi=0 mIm(6)D2Fmm2
Rhombohedral 3m P{=P{=Pj=0 m3m(4)D3F3m
Monoclinic  m Pl=Pi»0 Fj=0 mIm(12)A4Fm
Monoclinic ~ m P{=Pi=0 Pj=0 m3m(12)A2Fm
Pi=H
Triclinic 1 P}=Fi=Fj=0 mIm(24AILF




Clearly for a randomly axed polycrystalline ceramic form, the more switchable
domain states, the easfer it will be to “thread" polarization through the sample.
Surprisingly however, even though permittted by symmetry, there have been no cases
reported of tranattions into monoclinic or triclinic symmetries in the perovakites even
though such states would be highly advantageous for ceramics.

In many instances the ferroelectric variant is not stable over the whole
temperature range below the first ferroelectric Curie point transition and the structure
may go successively into lower symmetry species. The sequence of transitions in
barium titanate, which is the base composition for most dielectric applications is
shown in fig. 3.1a. Successive transitions on cooling take the domain symmetry to
tetragonal, orthorhombic and rhombohedral. A very simple Landau type theory has
been given by Devonshire37:38 which gives an elegant phenomenological description of
the phase transitions, polarization states, dielectric and elastic properties and the
shape changes depicted in fig. 3.1b.

Octahedral Tilting Phase Transitions

In many perovskites, particularly those with smaller A site cations, the net of
orthogonal corner linked oxygen octahedra “crumples” at lower temperatures. The
octahedra remain corner linked and adjacent octahedra thus must contra rotate
fig. 3.2. Rotations can take place around any of the three 4-fold axes so that formally
the tilt structures may be treated phenomenologically (using the tilt angle @ as the
appropriate order pax'mm:te:‘).s9 Since the tiits necessarily carry strongly coupled anti-
polar oxygen displacement effects on the polarizability of the lattice are not strong,
however the displacements are shape changing and thus give rise to improper
ferroelastic domain structures. Excellent compact classifications of the possible tiit
system have been given by Glazert? (see fig. 3.3) and by Alexandrov.41 '

Antiferroelectric Phase Transitions

In certain perovskites the dielectric “fingerprints® in the prototypic high
temperature phase suggest increasing compliance with decreasing temperature, the
signal for a lower temperature ferroelectricity. However the phase transition is into a
nonpolar form with antipolar displacements of the normal ferroactive cations at the
unit cell level. As with the polar forms, the antipolar displacements are strongly
coupled to the crystal shape 30 that in symmetry, the domain states are a sub group of
the tmproper ferroelastics. For electrical purposes only those antiferroelectrics which
are close in free energy to alternative ferroelectric forms are of interest especially in the
special case where the energy difference can be over ridden by a realizable electric fleld.

Sodium niobate and Lead zirconate are two well documented antiferroelectrics
where high field switching to the ferroelectric form has been well authenticated.42.43
However the list of "card carrying” perovakite antiferroelectrics is still short and the
subject merits additional study. It would be indeed useful to remove some of the
question marks which ‘dog’ current lists of antiferroelectric compositions (fg. 3.4).
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Fig. 3.1 Sequence of phases which occur on cooling a BaTiIO3 crystal from high
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rotated layer

Notation due to A Glaser.

in a co-titled ¢ axis rotated structure a®a®* and in a contra-

structure a®a¢",

Fig. 3.2 Oxygen octahedral arrangements in an untited structure a®a®a® Oxygen tilts
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(13)
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{18)
(9
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Qn
(11)

Zero-tilt system
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Symbol

a*b'ec’
a*b*ht
a*atat
a*hte-
ata'ec”
a*h'h-
atuta°
ath e~
atac"
a*h-b-

f.attice
centring

NN AARIITII~—~

A=~

2q

r

Complete list of possible simple tilt systems

Multiple
cel!

2a,% 2h, x ic,

2a,x 2, x 2¢,

20, % 2h, x ¢,
20,%2b, % 2¢,

a,xb,xe,

Relntive pseudocubic
sulnetl parameters

a,vh, e,

a,b,mc,

ﬂpﬂb.’f.

by the,

n'-bpﬁf'

ﬂpfh.-f'

ﬂ'ab'-f.

0, hy Ve, avt90°
a,nbh,fc,ah9°
a,Ab,mc,anh90°
a,=h,me,af9N°

a, by the,ankfivsy 4 90°
ap*”p‘f.‘*”"*w
aymb,mc,amfmy k90

a,<hy,vte,
a,<b,=c,
a,<b, e,
a,zb,=c,
a, <h,hc,an90°
o,<b,mcar 90°

n,=h,<c,
a,mb,<c,

a,=b,=c,

¢ These space group symbols refer to axes rhosen according to the matrix transformation

(

).

Space group

Immm (No, 1)
{mmm (No, 71)
Im3 (No. 204)
Pmmn (No. 59)
Pmmn (No. 39)
Pmmn (No. 39)
Pminmin (No. 39)
A2,/mll (No. 11)
A2/mll (No. ')
Pmnb (No. 62)

Pmnb (No. 62°
FI (No. 2)

12ja (No. 13)*
Ri3c (No. 167)

{mmm (No. 71)
14/m (No, 78)
Bmmb (No, 63)
8mmb {(No. 63)
F2{mil (No. 12)
Imem (No. 74)°

C4{mmb {No. 127)
Fd/mme (No. 140)

PmIm (No. 221)

Fig. 3.3 Classification for zero, one, two and three tilt systems after A Glaser.
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Phase-transition
temperature
Compound Formula °c
N P 3

Displacive antiferroelectrics
A. Perovskite structure

Lead zirconate PbZrO, 230,~228
Sodium niobate NaNbO, ~480, 354, =200
Lead hafnate PHHSO, 215, 160
Bismuth (errite? BiFeO,  ~850,~400,~200
Silver niobate? AgNbO, 335,550
Lead stannate? PbSnO, ~400
Lead magnesium tungstate PbMg, ,W,, 0, ~38
Lead nickel tungstate PHNi, , W, ,0, 17-160
Lead cobait tungstate PbCo, ,W,,0, =30, =20, -206
Lead cadmium tungstate? PbCd, . W, 0, ~400, 100
Lead ytterbwm niobate PbYH, ,Nb, 40, ~310, ~160
Lead ytterbium tantalate? PbYD, ,Ta l,.‘,O, ~290
Lead lutecium niobate? PbLu, ;Nb, ,0, ~280
Lead lutecium tantalate? Pblu Ta, 19 ~270
Lead indium niobate? Pbin, ,Nb, 4,0, ~90
Sodium bismuth titanate? Na .Bi; ,TiO, 200. 320. 520
Lead ferrouranate? PbFe, U, 40, ~~100
Lead manganese tungstate? PbMn ,W, .0, ~150
Lead manganese tungstate? PoMn, W, .0, 200.-70
Lead gallium niobate? b,GaNbO, ~100
Lead bismuth niobate? Pb_BiNbLO, ~=23§
Lead manganese rhoenate? PbMn, ,Re; .0, ~120,~170
Lead cobalt thoenate? PbCo, ,Re, .0, ~130

Fig. 3.4 Anitferroelectric perovskites.

Crvmn

Fig. 4.1 Hysteresis in single crystal BaTiO3 selected to be without 90° domains.
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ENGINEERING OF FERROELECTRIC PHASE TRANSITIONS

The extrema which occur in the dielectric, pyroelectric, elasto electric and opto-electric
properties of ferroelectrics at temperatures close to the phase transitions take the
properties into exceedingly interesting and practically tmportant ranges. It is thus
important to explore the mechanisms which can be used to modify and control the
transition behaviour.

In the perovskite system, five types of control are tmportant:

¢ For solid solutions, the phase transition temperatures often change continuously
with composition so that in homogeneous compositions the transitions may be
placed at optimum temperatures. Further, by controlling a deliberate heterogeneity
a range of transitions can be engendered spreading and smoothing the sharp
extrema.

¢ In some solid solutions, ferroelectric:ferroelectric phase transftions occur at fixed
compositions and are nearly independent of temperature. These so called
morphotropic phase boundaries are extremely tmportant in piezoelectric ceramics.

o Elastic stress can have a marked effect on the transition behaviour and the property
extrema near the transition so that self generated stresses in ceramics may be

engineered to tmprove the properties.

e For ceramic compositions the grain:grain boundary heterogeneity can be invoked
to modify extrema and to control the field distribution in the ceramic.

¢ Since ferroelectricity is a cooperative phenomenon the scale of the ferroelectric
region is of critical importance. Nano-scale heterogeneity can engender completely
new properties and give rise to spin glass behaviour which can be exploited in both
capacitors and transducers.

Engineering Transitions for Dielectric Applications

Many practical ferroelectric capacitor dielectrics are based upon barium
titanate, BaTiO3. The key feature of any ferroelectric is that is some accessible range of
temperature and pressure it has a ferroelectric phase. and that in that phase a
spontaneous electric polarization can be aswitched between two or more equilibrium
orientations by a realizable electric field.

As has been shown in fig. 3.1 BaTiO3 at room temperature is fervoelectric with
six alternative domain states polarized along any one of the six equivalent <100>
directions of the original cubic prototypic form.

For a 100 ortented single crystal the hysteresis loop is very square fig. 4.1, the
end states may be shown to be single domain yielding in the most perfect crystals a
value Py - 26 uc/cm? at 20°C.44 In a polycrystal ceramic, the domain structure is much
more complex fig. 4.2 the hysteresis loop very rounded so that both maxtimum and
remanent polarizations are much lower than the single crystal values fig. 4.3.45




Fig. 4.2 Microstructure of 890’ twin domains in a coarse grained BaTlO3 ceramic.

Fig. 4.3 Dielectric hysteresis in a coarse grain BaTiO3 ceramic.




For the more perfect crystal which can be converted to single domain state, the
paraelectric and the single domain intrinsic polarizability can be measured fig. 4.4, 4.5.

Unlike ferromagnets very high permittivity persists for a wide temperature range above
the Curie Point T, following a Curie Weiss law.

e-T.e .

In this case however C ~ 1.5 105K as compared to C ~ 10°2°K 1n a corresponding
ferro or ferrt magnet (Fig. 4.6).

Above T¢, the cubic m3m symmetry dictates that the weak fleld dielectric

susceptibility (permittivity) be spherically symmetrical so the ey can be completely
characterized.

e, 00
Oe, 0
00¢,

In ceramic form, the first question must be whether the grain boundary acts as a
high impedance layer strongly limiting utility as a capacitor. The cubic form above T¢
permits an unequivocal answer. Extensive experiments on very carefully prepared
BaTiO3 ceramics with average grain size from 0.75 to 53 p meters by Yamagl et al 46
show no significant change either in C or in © as compared to the crystal (fig. 4.7),
confirming that ceramics can be made with low impedance grain boundary structures

The absence of major grain boundary impedance suggests that the high
permittivity near T¢ could be exploited in capacitors if Tc could be moved near room
temperature and the response broadened. In solid solutions, all of the phase
transitions move continuously with composition as shown in fig. 4.8 for solutions with

In both BaZrO3 and BaSnQO3 systems there is an interesting "ptnch off” region in
the phase diagram where for temperatures close to room temperature tetragonal,
orthorhombic and rhombohedral states are becoming of similar energy i.e., it becomes
easy to thread the polarization vector through a randomly axed ceramic.

For the dielectric response, two destrable effects are evident as for example in
the Ba(T}.xZrx)O3 system. At low level additions the dielectric peak rises sharply (fig.
4.9) and with further addition broadens markedly. Broadening may be traced to
macroscopic heterogeneity in the composition giving rise to a distribution of Curie
temperatures and thus a broadened peak. This principle is widely used in commercial
dielectrics. which often use several additives to trim the properties. Some commercial
formulations taken from the book by Herbert47 are shown in table 4.1.

To provide capacitors with high K but greater temperature stability two
additional features are used to control and enhance permittivity in almost pure BaTiO3
ceramics:

14
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Fig. 4.4 Dielectric permittivity (weak fleld) near the Curie temperature in a single
domain BaTiO3 crystal.
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Fig. 4.5 Lower temperature weak field dielectric permittivity in a single domain
BaTiO3 crystal.

¢ Note that bejow 0°C the crystal breaks up into domains and below -90°C the domatn
structure imparts an anisotropy which should not occur in the single domain state.
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4.1.1

1. Control of the permittivity in fine grained BaTiO3 ceramic.
2. Control of the grain boundary tmpedance to suppress the Curie peak at T,.

Both effects are illustrated in fig. 4.10 which contrasts this behaviour vis-a-vie
the Curie point adjusted compositions.

Grain Size Effects in BaTiOs Ceramics

It was known from the carly 1950s, that small additions of TIO2 together with
controlled firing could give rise to BaTiO3 ceramic capacitors with permittivity close to
3.000 over a broad temperature range. Over time the beneficial effects were traced to a
liquid phase densification which inhibited grain growth in the ceramic and left a
residual boundary phase, which reduced the Curie peak permittivity. More recently
these effects have been achieved by other means and both effects studied separately.

Probably the best measurements of the pure grain size effect are due to
Kinoshita4® who used hot pressing of a weakly dysprostum doped BaTiO3 to produce
samples with controlled grain size from 1.1 um to 53 pm which showed no suppression
of the Curie peak. In his samples there is a continuous increase of weak field
permittivity ¢ near room temperature with reduction in grain size to values above 5,000
at 1.1 yp meter (8g. 4.11).

Concommitant with the reduction in grain size, the group at NTT also observed a
reduction in the frequency of occurrence of 90° domains with reducing gratn size.
Earlier, Buessem et al. 49 had suggested that a reduction in the twin density would give
rise to internal stress of the type depicted in fig. 4.12 which would strongly enhance the
intrinsic permittivity, markedly raising ¢ and shifting the orthorhombic tetragonal
transition to higher temperature (fig. 4.12). Some additional support for this model
come on studies of the mechanical strength in hot pressed BaTiO3 by Pohanka et al4®
who measured the flexural strength above and below T, and noted a reduction in
strength in the ferroelectric phase which could be accounted for by the internal tensfle
stresses required in the Buessem model.

It must be noted however that an alternative model for the grain size effect has
been proposed by Arit and co workers50 which would require that the fine gratn
ceramic have a higher density of twins and some experimental evidence is advanced for
this hypothesis. The advantage of the twin {domain) model is that is does account well
for the higher tan 5 in the fine grain system, but it does not explain the phase transition
shift. Clearly more work is needed to resolve this fmportant question.

One possible avenue for study would be to suppress the 0°C transition as for
example by calcium titanate doping. For the internal stress model, the grain size effect
should diminish rapidly as ¢4 intrinsic is lJowered. For the domain wall model, the
proximity of the tetragonal:orthorhombic transition is not necessary provided the
lattice strain and wall energy are not too strongly effected.

Manipulation of Grain Boundary Impedance

In BaTiO3 ceramics. it is remarkably easy to produce "dirty” grain boundaries,
and most ceramics like the Setmens C40 material show Curie maxtmum suppression to
greater or lesser degree, and it is often advantageous for practical application. To
demonstrate the phenomenon quantitatively, and in the process to produce a useful
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TABLE 4.1
Typical practical BaTiO3 based dielectric formations taken from Herbert.

teem K .. TYesw.vangs M)Ilﬂ, . Se Ce Mg Ti ur $n
X ‘:;ol Compesition in cationd
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Fig. 4.11 Dielectric permittivity of BaTiO3 as a function of grain stze.
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Fig. 4.12 Calculated mean permittivity as a function of combined uniaxial
compressive and orthogonal two dimensional tensile stress: the self
generated stress system expected in untwinned fine grain BaNOg.
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high voltage dielectric. Payne and Croas52:53 explored fast fired BaTiO3:NaNbO3
composites. Using the fact that there is a pseudo eutectic in the solid solution system, it
is possaible to generate a rapid liquid phase densification which leaves a thin NaNbO3
coating over the BaTiO3 grains whose thickness can be controlled by the volume of
NaNbO3 used. Since NaNbOsg has a flat permittivity:temperature behaviour it is
possible to use Curie Weiss analysis to derive the tmpedance of the boundary phase
directly and to vertfy the predictions of the stmple "brick wall” mode] for the ceramic.
The argument is presented pictorially in figures 4.13, 4.14, 4.15, 4.16, 4.17, 4.18. A
comparison of the characteristics of a 5% NaNbO3:BaTiOg versus a pure BaTiO3
capacitor is given in table 4.2.

Scale Effects in Heterogeneous Ferroelectric Dielectrics

It was shown ecarlier in this section 4 that a measure of compositional
heterogeneity is essential in very high K dielectrics so that the dielectric extrema at the
Curie temperature is spread over a practically useful range. For most widely used
BaTiO3 based formula, this heterogeneity is on a scale comparable to the grain structure
and is often induced by processing to a non equilibrium phase distribution.

As the dielectric thickness gets smaller, particularly in ultra high capacitance
density multilayer capacitors, it becomes difficult to control macroscopic
heterogeneity because of short diffusion distances, and a finer scale composite would be
desirable.
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TABLE 4.2

Practical advantage of a BaTiO3:NaNbO3 composite
dielectric for a high voltage capacitor.

Permittivity Permittivity Aging Breakdown
Dielectric K at O Voits K &t 60 KV/cm %/Decade Strength
BaTiO. 2,100 400 2.8 100 Kv/cm
3
BaTiO, 2,100 750 1.2 200 Kv/cm
5% NaNbO,

Amxdetwodnnewmalphhmlsgiv:nmﬁg.4.19whkhcompamtheatomc
arrangement in PMN with that in a conventional PZT ceramic. A feature which s
fmmediately evident tn the PMN is that the 1:1 ordering is non stoichiometric and must
give rise to massive short range chemical heterogenetty. The ordered regions are

mordetmgwhlchhwuhmaeohmtuystallamceoocummbothsmgle
crystal and ceramic samples and can be tmaged using TEM (fig. 4.20).56 This fossy
chemistry which is formed at very high temperature leads to a nanoscale chemical
heterogeneity which influences the manner in which these materials exhibit
ferroelectricity. mfamnyoﬂeadbasedmplupemvsklteshasbeencanedmlm
ferroelectrics. The outstanding features of the dielectric and ferroelectric response are




solution

~type

Normal PZT
Random solid

Relaxors
Partioning and attempt

NANOSCALE CHEMISTRY
to long range order

0000 00000

0000 000 00 sy £
0COeeo00® w.m. g
0000850 09 28 5
09O OV 2 3
©2eceeco Iy myw
0000 ; 8¢ 7 °
3 £Eg 3 g
: ﬁ 3 ¢ £

: ..mMm
s BB i

Fig. 4.19 Nanoscale ordering in Lead Magnesium niobate compared to a disordered
PZT solid solution.

Niobate.

Fig. 420 Dark field tmage of the chemically ordered domains in Lead Magnesium




(a)

Hysteretic Siow decay of ferroslactric character e

AT | o)
2EF ER P P

T increasing ——e

e ling
swlitting
escep!

R IIEN R I T x

(c)

Q.03

; ' J
0.02 00 birelringence ( d)
< O OIE 4

=100 -50

Fig. 421 Special properties of the relaxor type perovskite dielectrics.
(a) Weak field dielectric permittivity vs T.

() High field hysteritic behaviour vs T.

(c) Low temperature X-ray spectrum showing no departure from cubic
structure,

(d) Optical anisotropy in a zero field cooled single crystal of PMN.




TABLE 4.3
Common features in the behaviour of relaxor ferroelectric crystals and ceramics.

COMMON FEATURES

¢ Compositions: Structures.
Comunon in lead containing perovskite structures of
complex composition: Prototype lead magnesium
niobate Pb(Mg1/3Nb253)Os.
Occurs in many tungsten bronze compositions:
Prototype strontium barium niobate

Sro.75Bag.2sNb20s.

* Dielectric Response.
High dispersive peak permittivity eR ~ 30,000.
Ferroelectric response under high fields at low
temperatures.

* Compositional Heterogeneity.
Nano-scale heterogeneity on a coherent crystal lattice.

* Polarization Fluctuations.
Large values of RMS polarization at temperatures
well above that of the dielectric maximum.
Evidence that the fluctuations are dynamical.

* Evidence from TEM.
Local compositional (chemical) ordering.
Local polar regions at low temperature nano to macro
domain transitions.




Viehland®® has authenticated a Vogel-Fulcher model for the dielectric
relaxation (fig. 4.22) which postulates local cooperation between polar micro regions
leading to a freezing temperature Tr. It was noted also. that for the field forced low
temperature ferroelectric phase, the collapse of remanent polarization leads to a
thawing temperature in close agreement with Ty, By looking at the manner in which
different levels of DC electric fleld force a spin-glass to ferroelectric &hase change
Viehland®! (fig. 4.23) was able to use the De Almedia-Thouless relation®2 to deduce a
size for the uncoupled polar entities in close agreement with the scale of the
heterogeneity observed by transmission microscopy (Fig. 4.24).

In a number of ways, the dielectric spin glass is more complex than the magnetic
because of the strong electrostriction which couples nano scale polarization to nano
scale distortion of the lattice. Many of the expected consequences have now been
explored (fig. 4.25 to 4.30). It must be stated however that the current work has not yet
proven spin glass behaviour in PMN, however the list of confirmed glass like features
is tndeed tmpressive as tabulated in table 4.4.

MULTILAYER CERAMIC CAPACITORS

The major sector of the high K ceramic capacitor market addresses ultra
compact high capacitance miniature units which are required for power line
stabilization in the packaging of silicon semiconductor integrated circuits. These units
are fabricated using a co-firing technology which integrates the electrode into a
monolithic multilayer ceramic. The normal construction is shown in schematic form
in fig. 5.1. The alternating electrode layers which are fired into the ceramic are picked
up on a modified silver termination which ts added in a post firing operation.

For the early BaTiOg formulations, the necessary high firing temperstures
forced the use of platinum or gold-plattnum alloy electrodes which become the major
cost in the unit. Over time an essential component of the evolution has been tue
development of lead and bismuth oxide based fluxes which permit co-firing at
temperatures down to 1150°C and thus the use of less expensive palladium-silver alloy
electrodes. 63 Basic principles of the design of the dielectrics are essentially unchanged
from before, and the effort has been to find fugitive fluxes or fluxes which incorporate
into the dielectric with minimum damage to the permittivity properties.

Alternative to the BaTiOs based compositions, the lead based relaxor (spin glass)
compositions appear to be attracting increasing attention from the major MLC
producers. A recent survey of the patent literature table 5.1 highlights some of the
activity. It would be nice to report that it is the intrinsically superior dielectric
properties (fig. 5.2) which are the major drawing force, however what must be also
factored in is the tmportant fact that the lead based formulation can be designed to fire
at temperatures below 900°C so that with them there is the possibility of using high
70:30 siiver palladium alloy electruodes, tn some cases pure silver (Table 5.2) and with
appropriate doping base metal copper electrodes.64
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TABLE 4.4

Summary table of simtlarities between the relaxor ferroelectric PMN and the Magnetic
spin giass. (Y tn the table tndicates yes that the phenomenon has been confirmed.)

PROPERTY RELATOR

g
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Dispersion of Susceptibiity
Dispersion of Tmex
Freezing Temperstwe (TN
imaginary Component Fraquency independent below T1
Swong Nonlinesr Response
Maximum Nonlinearities near Ti
Frustrstion
Suscopubitily “Oifiuse®
Oeviations irom Curle-Weiss Behavior
Angiysie of Devietion for Locel Order Paramater
Sroadening of Relaxation Time Disrbution on Cooling
Hysieresis, irevershiity, and Remance below T1
Local polarzation or mapneizaion
Local correlations Detween Mmomenty
Long range ordering in e Fisid Cocled State
Lack of anisowopy th the Zer Fleld Cooled State
Oe-Aimedie Thoulese Anaiysie
Polarization or Magneiization Viscosity
Chemical or Structural inhomogeneily
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TABLE 5.1

Compositions betng explored and recent patent fllings for
relaxor based dielectric formulations.

Comples Simple
Perevekites *Te(°C) **Bekavier Perovskites T,('C) Uehavier
[PMN] -0 Relazer-FE Pty 490
(1r2Ny 140 Relazos-F8 n.zg’, 230 %
terwl o Nemare Sy 2 R
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Compositivast Familles for Relasor-Uased MLCs
EIA Temp  Manulacturer
Composition Specificaion (Assignee)  Patents and Refs.
MZT.Ag XM _Spragee U.S. Pot. 4,027,209 (1973) Rel. 9
PMW.PT.ST XR DuPomt U.S. Pat. 4,043,546 (1973)
IPFN-PFW Ysv NEC U.S. Pat 4,078,938 (1973)
PFN-PFW-PZN Ysy NEC U.S. Pat 4,236,928 (1980)
PFN-PMT - TOK U.S. Pst 4.216,10) (1980)
PMN-PT Ysv TDK U.S. PaL 4,263,668 (1981)
PMN-PFN Ysv TOK U.S. Pat 4,216,102 (19%0)
PMN-PEN-'MW Ysv 1K U.S. PaL 4,287,075 (1981)
PFW.PZ r4il) TOK U.S. Pav 4,233,633 (1980)
PEW.'T-MN 23V Ttrachi U.S. PaL 4,308,571 (1981)
PMN-PZN-PT pA Ll Musa U.S. PaL 4,339,544 (1982)
PFN-PFW-PUGe (MSC) X7R Rel. £0
PFN-PFM-PNN Z3U,YSV  Ferro U.S. Pat 4,379,319 (198))
PMW-PT-PNN r Y NEC U.S. Pat. 4,450,240 (1984) Rel 11
PFN.Da Ca(CuW)-PFW Y3V Toshiba U.S. PaL. 4,544,644 (1985) Rel 12
PMN-PZN pALl STL UK. Pat. 2,127, 187A (1984)
PMN-PFN.PT rALY) STL U.K. Pat 2,126,375 (1934)
PMN-PZN-PFN U Matshshita  Japan Pat. 59-107959 (1984)
PMN-PFW.PT - Matsushits  Japas Pat. 59-203739 (1984)
PNN-PFN-PFW Ysv Matsushita  Japen Pat. 59-111201 (1984)
FIN-PT-ST - Toshibe Rel. 13
PMN-PFN-PYGe pALY) Unioa Carbide U.S. Pat. 4,550,088 (1985)
PFN-PNN YSV Rel. 14
PFW.-PFN (MSC) NIT Refs. 15-17
PMN-PT.PNW pALY} Matsushita  Ref. 18
PMW.PT-PZ XTR NEC Ref. 19
PZN-PMN-PT-UT-ST Z3U Toushibe Japen Pt. 61-135243 (1986)
PIN-PT-BT-ST X7R Tushibe Japran Pat. 61-250904 (1986)
PIN-PMN.OT YU, Y58 Toshibe Rel. 20
PMN-PLZT pA Y] MMC U.S. PaL 4,716,104 (1987
PMN-CT, ST, 8T rAl) Matsushita  Japan Pat 62-115817 (1986)
PEW-PFN-PT Ysv Ref. 21
DT-PMN.PZN(MSC) XTR,X7S  Toshibe U.S. PaL 4,767,732 (1988)
PMN-PS-PNW-Cs
(Base Mewl) yALY) Mstsushita Refs. 22-23
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Fig. 5.2 Comparison of dielectric saturation and RC time constant behaviour
between relaxor based and BaTiO3 based MLC dielectrics.
TABLE 5.2

Firing conditions for and appropriate electrodes to use with
BaTiO3 and relaxor based formulations.

Dielectric tiring Condition Electrude

HF-BT >1250°C (air) N (10U%)
(roling) Ni*

MF-BT 1IW-1250°C (air) Agid (W30 0 JVTY)
(todcing) Cu, Ni

LF.0T <"rc (air) Ag:fd  (T0/30)

(R&D only)

HF-Relasor >1000°C (air) AgPY  (T030)
(chging) Cu,

LF-Relaxor <rc (air) A (85/13), Ag (100%)
(roheing) Cu,

*1he partial prestiwe 142 st which Ni -.-> NiQ occwes is such that MO <> POineyal results,
hence Ni-bascd electrudes are ticnmalynssnically sot leasibie {or relaxors,
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FERROELECTRIC THIN FILMS
Introduction

Over the last four years (1987 to 1991) there has been a rapid increase in interest
in ferroelectric thin fllms deposited onto semiconductor substrates for uses in
nonvolatile radiation hard random access memory. The eflort which has been driven
in the USA primarily by major funding from the department of defense has lead to a
strong revival of interest in ferroelectric switching behaviour and the evolution of a
very broad range of deposition methods for a large variety of ferroelectric
compositions. Since the summer school will have talks which focus upon the
preparation methods for flims and the switching behaviour these will only be briefly
mentioned and the primary focus will be upon those properties which are likely to
make the films important for more conventional capacitors and for piezoelectric
transducer and sensor applications.

Material Systems of Interest

The majority of studies are being carried forward upon randomly axed
polycrystalline films so that it is not surprising to find major interest in the perovskite
structure composition. Considerable early work on BaTiO3 films65.66 never showed
convincing evidence that strong ferroelectricity could be retained in sub micron thick
films, and this is perhaps not surprising in the light of the very siim loops observed
even in bulk BaTiO3 when the grain size approaches sub micron levela,

Most important steps in forward progress were the demonstrations of
convincing dielectric hysteresis by Sayer87 in sputter deposited PZT films and the
conﬂrmatjgx of excellent hysteretic behaviour in sol-gel deposited PZT films by Payne
and Budd.

More recently the list of compositions for which useful ferroelectric behaviour
has been convincingly demonstrated in thin fiims has increased markedly. A recent

survey is given in table 6.1.
Preparation Techniques

The very broad range of techniques which have already been applied to the
fabrication of ferroelectric thin fikms are summarized in table 6.2. The majority are
vapour phase methods but sol-gel and metal organic deposition are widely used.
Attempts are also being made to use true metal organic chemical vapour deposttion, but
this approach is strongly handicapped by the low volatility and the hazardous nature of
the suitable organic vehicles for the required chemical constituents

All methods currently have the common feature that they deposit an amorphous
or micro crystalline ensemble of the required chemical constituents which must be
architected into the required perovskite structure form by a subsequent heat treatment.
These post deposition annealing treatments have recetved a lot of attention and it is
clear that they can radically change the character of the resultant film. There appears
to be a strong movement towards rapid thermal annealing methods, but again much
care is needed to optimtze the conditions.

In vapour phase methods substrate heating and low energy add atom assist are
being used to tmprove quality, but the need for a sub film electrode metal precludes the
possibility of precise epitaxy for perovskite type films, though topotactic grain
orientation is frequently cbserved.
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TABLE 6.1
Campositions which are under study as thin films,

CHOICE OF MATERIAL SYSTEMS

Non Volatile Memory

Multiaxial Ferroelectrics for Randomly Axed Films

Lead Zirconate Titanate PZT
Lead Lanthanum Zirconate Titanate PLZT
Lead Titanate - PT
Lead Lanthanum Titanate PLT
Lead Bismuth Titanate ~ PBIiT
Lead Barium Niobate PBN

Uniaxial Ferroelectrics for Grain Orientated/ Epitaxial
Films

Potassium Lithium Niobate KLN

Strontium Barium Niobate SBN

Lead Germanate PG

Potassium Magnesium Fluoride KMgF
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TABLE 6.2

Growth techniques for ferroelectric thin films.

% % ¥ =

* * 2 2

Magnetron Sputtering from Oxide Targets.

Mult-magnetron Sputtering (MMS).

Multi-ion Beam Reactive Sputtering.

Elcctron-Cyclotron Resonant (ECR) Plasma
Assisted Growth.

Chemical Vapor Deposition (Photo-Assist).

Excimer Laser Ablation.

Sol-Gel Methods.

MOD Techniques.

Substrate Heating.

Post Deposition Annealing.
Rapid Thermal Annealing (RTA).
Low Energy Ad Atom Assist.




There are numerous reports that the phase makeup of PbZrO3:PbTIO3 thin fitms
differs markedly from bulk values, however, data from S. Dey®® on carefully annealed
films (Fig. 6.1) suggests that the morphotropic phase boundary separating tetragonal
and rhombohedral phases is close to that observed in the bulk composition.

Important Properties of High K Filne

In PZT films at the 52/48 Zr/Ti composition weak fleld dielectric permittivity
ew at room temperature as measured by many investigator on films made by different
techniques s of order 1,200 and tndependent of thickness down to 3,500A. Typical data
from Dey’? (fig. 6.2) indicates the films are dispersion free to over 107 Hz. Improper
thermal annealing either at too elevated a temperature or for too long a time (fig. 6.3)
indicates that massive dispersion can be induced at frequencies as low as 104 Hz. Under
cyclic DC bias again films behave exactly as would be expected for proper ferroelectrics
(8g. 6.4).

That the 52/48 composition is properly ferroelectric is evident from the 60 Hz
hysteresis curve tn fig. 6.5 with Pr = 30 pc/cm? and E¢ = 31 KV/cm. That the
ferroelectric polarization can be switched fast enough to be of interest in memory
application is evident from the data taken by Dey (¢. 6.6} which shows switching times
of ~ nano seconds in a 30 u x 30 y square capacitor.

Perhaps the most startling difference from bulk PZT comes in examination of
the weak field dielectric permittivity vs temperatures (fig. 6.7). The peak is roughly at
the right temperature, but the value is low and the peak is highly rounded. In all our
awnstudxecthebwtmﬁoepe.k/em<3:l.whmmawenpmparedbulkmatenalthe
peak is very sharp non dispersive and the ratio ~ 15:1.

A significant positive aspect of film behaviour is the manner in which the
dielectric strength increases at low film thickness (fig. 6.8). Values of Eg as large as 4
MV/cm are not uncommon. It is interesting to note that the empirical curve predicted
by Gerson and Marshali?! based only on bulk measurements predicts breakdown fields
for submicron thick films above 1 MV/cm.

For stmple high K applications where hysteresis would be a marked
disadvantage, two alternative lead based compositions are being explored. In the high
lanthanum Lead Lanthanum titanates Dey has explored a 28:0:100 PLT which shows
good linearity (P vs E) some dispersion with a K ~ 1,600 at 100 Hz and 1,400 at 10 MHz.
Udayakumar’2 has explored PMN:PT compositions which show K values up to 2.800
and only weak disperston to 10 MHz.

Clearly there are clamant needs for very compact film capacitors in high
density silicon and ultra high speed Ga:As circuits and there are many options yet to
explore for high K systems.
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Fig. 6.5 Polarization:field hysteresis tn a PZT 52:48 film 4.500A thick taken at 60Hz.
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Fig. 7.1 Two dimensional description of the origin of the piezoelectric response tn a single
domain PbTIO3 crystal. (a) Sttuation under no field. (b) Shift of the T} cation away
from the equilfbrium position under stress t3. (c) Shift of the Ti cation back towards

the cell center under stress t). (d) Titing of the T\ position giving AP, under a shear
stress tq.
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PIEZOELECTRIC CERAMICS
Phenomenciogical and Pictorial Descriptions of Plesoelectricity in Crystals

The phenomenological master equation which describes the deformations of an
insulating crystal subject to both elastic and electric stress takes the form

Xy = Sgi Xid + dtEm + Mmntj Em En (7.1)
where

xy are the components of elastic stratn

Xy the stress components

Syki the eclastic compliance tensor

EmEn are components of electric fleld

dmy the piezoelectric tensor components

Mmny the electrostriction tensor in field notation
and the Einstein summation convention {s assumed.

For crystals tn which some components of the dmyj tensor are non zero, when
Xki = 0 the elastic strain is given by

xy = 0my Em (7.2)

which is the equation for the converse piezoelectric effects, relating induced strain
directly the first power of the 8eld. Le. xy changes sign with Em.

In the thermodynamically equivalent direct effect

P = demy Xy - (7.3)

Clearly 7.2 describes the actuating function of a piezoelectric, changing shape
under electric field control Equation 7.3 the sensing function, a change in polarization

under stress charges the capacitance of the sensing crystal giving a voltage proportional
to the stress applied.

lfthedmueonstantsmmduetosymmmyasfmenmplemacenmcm
the residual effect is electrostrictive and at zero stress

Xy = Moy Emm En
Now the strain is a quadratic function of the applied stress.
The thermodynamically converse effect is now given by
Timn * Mmng Xy
Le. the elastic stress dependence of the dielectric susceptibility.
Pictorially, the piezoelectric effect is fllustrated by the two dimensional
sketches in fig. 7.1 which models a polar crystal of the perovskite Lead titanate in its

single domain ferroelectric form. To simplify the description it is assumed that the
polarization resides in the TI** ion as tn BaTiO3 and the lead fon displacements are
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neglected. In the base state. the titanium ion is displaced along the 3 directions a
distance corresponding to the spontaneous polartzation P3 and the resulting Symmetry
is tetragonal 4mm.

If a tenaile stress o3 is now applied in the X3 direction(fig. 7.1b), the upper and
lower oxygen tons pull cut the equatorial ions squash in forcing the Ti** farther away
from the cell center and generating an enhancement of Pg by AP. Since the
displacement are very small AP a 03 and the constant of proportionality das is posittve,
L.c. a positive (tenstle stress) gives a positive change in AP.

For a transverse tensile stress o) however (fig. 7.1c) the equatorial oxygens are
pulled out. the Ti4* brought back more towards the center of the cell, giving a negative
increment AP3 so that

AP3 = d3) 01
and d3; must be a negative quality.

Stmilarly a shear stress a5 (0s]) leads to a canting of the Ti4* and a
displacement direction normal to P3 {.¢. a AP} so that fig. 7.1d.

AP =d)s15

For the point group 4mm clearly the action of the 4 fold axis makes 2 equivalent
to 1 so that

da) =dx and dys=dy
and the complete piezoelectric tensor takes the form

000 0dys0
00 0ds0 O
dyd31d33 0 0 0

Plesoeloctricity in Ceramics

In a randomly axed polycrystal ceramic, even if the grains are polar or
ferroelectric as in fig. 7.2 under normal circumstance the random orfentation will
cancel out any anisotropy engendering a macroscopic center of symmetry which
forbids piezoelectricity. For the ferroelectric ceramic however a new anisotropy can be
induced stnce the domain polar vectors can be switched under realizable field. Thus the
poling operation which develops a high remanent polarization PR in the ceramic is
essential to destroy the macro center of symmetry taking the material into the texture
symumetry group e mm.

Theoretically it is quite straightforward to dertve the possible PR which may be
induced tn a ferroelectric ceramic {f all domains of a given type may switch under the
poling field. In a ferroelectric with only 2 antipolar domatn states, only 180" switching
would be possible and PRy ax=025P,. In a tetragonal ferroelectric perovskite there
are 6 axial orientation for the domains and PRmay=.83P, , and for the rhombohedral
case with 8 body diagonal orientations PRy ax=0.87P, . Unfortunately the ability to
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pole in practical ceramics is more restricted, so that a high count of avatlable
orientation states becomes essential. This is illustrated for BaTiO3 at room
tempersture in fig. 7.3 In the single domain single crystal Pq = 26 uc/cm? (fig. 7.3a).
Even in & very large grain ceramic Py max ~ 8 ic/cm?2, fig. 7.3b and tn a practical fine (1 u
meter grain) ceramic Pr almost vanishes (ig. 7.3¢).

Lead Zirconate Titanate Plesoceramics

The uniquely advantageous feature of the Lead zirconate Lead titanate
ferroelectric phase diagram fig. 7.4 is the almost vertical phase boundary near the 50:50
Zr/T1 composttion, the so called morphotropic phase boundary which separates a
tetragonal and a rhombohedral ferroelectric phases. All ferroelectric:ferroelectric
phase transitions are first order so that the boundary encompasses a finite two phase
region where the 6 domain states of the tetragonal variant coexist with the 8 domain
states of the thombohedral. The advantage in terms of polability for ceramics near this

composition is compared to other perovskite possibilities in fig. 7.5 showing the clear
superiority of the PZT.

The maximum polability for compositions near the MPB ts shown clearly in fig.

7.6, and the consequent advantage in piezoelectric constants in fig. 7.7, both taken from
the book by Jaffe Cooke and Jaffe.73

Phenomenology of Plezoelectricity in PZT»

It is clear from the earlier consideration of dielectric applications that the
instability at the paraelectric:ferroelectric phase transition contributes an intrinsic
compliance in the dielectric property which can be manipulated to great practical
advantage. For BaTiO3. it {s easy to trace this enhanced compliance as excellent single
crystals can be grown and by stmple poling procedures converted into single domain
states. Thus the properties of a single domafn can be measured at any temperature or
stress of interest and a full Landau:Ginsburg:Devonshire phenomenology developed
wh!chwtllmlmm!cthemumsicg,ro%-mesofna‘nos domains under any set of
electric/elastic boundary conditions.74.75.76

In the lead zirconate titanate solid solution system however, the situation is
significantly more complex. Different composition across the phase field exhibit
antfferroelectric, oxygen octahedral tilted, and stmple proper ferroelectric phases. An
even more important constraint is that in spite of almost 30 years of continuous effort
there are still no reputable single crystals available with compositions near to the
critical 50/50 Zr/T\ ratio of the MPB and thus no direct measurements of single domain
properties. Only composttions cloee to pure PbZrOg and pure PbTIO3 have been grown
with adequate quality and for other compositions it is necessary to use indirect
methods to deduce the thermodynamic constants.,

Over some 10 years the ferroelectric group at Penn State has dedicated a
continuing effort to formulating an adequate phenomenology. Faculty and students
involved have included B. Gadger, A. Amin, H. McKinstry, T. Halemane, M. Haun, G.
Rossetti and L. E. Cross and their work ts documented in a sequence of
papers.77.78.79,80.81,82.83.84.85 The papers 80-85 provide an excellent summary of the
pure PZT work.




Fig. 7.2 Two dimension schematic of the polarization vectars in unpoled and in poled PZT. In
(a) the syminetry is « « which is centrics and forbids piezoelectrictty. In (b) the
symmcu'yls-mmchhisnoncenmc(polar)aqdpexmitsplmdecmaty.

Fig. 7.3 Contrasting polartzation hysteresis in (a) single crystal : (b) ceramic polycrystal :
(c) fine grain ceramic BaTiO3 samples.
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TABLE 7.1
Coeflicients of the PZT Energy Function

a, @, a, [erroelectric dielectric stiffness at constant stress
9,0, 0, 3antiferroelectric dielectric stif{ness at constant stress

", coupling between the ferroelectric and antiferroelectric polarizations
8. B, octahedral torsion coefficients
Yy coupling between the [erroelectric polarization and tiit angle
5 elastic compliances at constant polarization
Q, electrostrictive coupling between the ferroelectric polarization and stress
Z, electrostrictive coupling between the antiferroelectric polarization and stress
R, rotostrictive coupling between the tilt angle and stress
55




———__

In developing the "master equation” for the free energy in terms of the extenstve
variables, it is necessary to start with a two sub lattice model to encompass the
antiferroelectric states, however, since these are confined to compositions very close to
Lead zirconate it is advantageous to use linear combination of the sub lattice

polarization Pp and Pg in the form
P=Pa+Pp (7.1)
p=PA-Pp (7.2)

Thus when Pp = +Pg P # 0 and represents the effective ferroelectric polarization,
and when Pa = -Pg p = O and represents the magnitude of the antipolarization in the
antiferroelectric phase. Polarization and antipolarization have the axial components
P1P2P3 and pip2p3 respectively. The oxygen octahedra have tilt angle 8 with
components about the axial direction 0)6203. Elastic stress and strain are designated
Xy xyy. The full family of coupling variables are delineated in table 7.1 and the resulting

equation 7.3.

AG = o [P} + Pi+ Pi| + a,, (P! + Pt + PY 7.3
+ @, [P{P + PIPS + PiP}] + oy, [PS + PS + PS)
+ a2 [Pi(P} + P3) + P{(P} + P3) + PY(P% + P}))
+ awy PIP3PY + 0, [p} + p} + p3] + o, [ + pt + pi)
+ o:lpipd + pipd + pipi] + 0, [P} + pt + pf)
*+ o (pi(pi + P + pYP} + p3) + pi(pE + pI)]
+ 0w pipipi + [Pl + Pipi + P 3Pl
+ walPi(pi + p}) + Pi(pt + pd) + Pi(pt + p)]
*BulPiPpp + PiPpp; + PPpp,) + B, 63 + 63 + 03]
+ Bui®i + 61 + 03] + v, [Pi67 + Pl6 + Plo3)
+ 12 [PY(8F + 83) + P3(0F + 83) + PY(02 + 6]
+Yu[PP0,0, + P,P0,0, + PyP,8,0,]
=4S X1+ X1+ X3 - S, (XX, + XX, + X X))
- BL[X1+ X3+ X3 - Q[ X, P+ X:P + X,P3)
= QulX(P}+ P} + X, (P} + P2) + X,(P} + P}
= QulX.PPy + XsP\P, + XP\Py) ~ Z,,[Xip, + Xop, + Xip;)
= ZulXi(pi + pY) + Xop? + pd) + Xs(pi + pd))
= ZalXpaps + Xspps + Xpips) - R, (X.6 + X,03 + X,03)
= Ri2[X1(0] + 82) + Xy(87 + 03) + X,(8} + 63)]
= Ru[X.0,8, + X,8,8, + X,0,0,]
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Solutions to the Energy Function

Considering zero stress conditions the following solutions to the energy
function (Equation 7.3) are of interest in the PZT system:

Paraelectric Cubic (Pc)
Pp=P,=P, =0, p =p,=py=0, 6=0,=0,=0 (749
Ferroelectric Tetragonal (Fy)

P =P, =0, PL+£0, p =p.=p;=0, 9,

[}
(=]
~
i
(=~
o
[}
o

(7.5)
Ferroelectric Orthorhombic (F,)
P, =0, PP=P+0, p =p,=p =0, 6,=06,=6,=0 (7.6
Ferroelectric High-temperature Rhombohedral (Fg. 1)

Pl=P,=P,#0, p =p,=py=0, 0,=0,=6,=0 (77
Ferroelectric Low-temperature Rhombohedral (Fg,, 1))

PP=P;=P;#0, p=p,=p;=0, 0=0=06%*0 (78
Antiferroelectric Orthorhombic (A o)
Ppb=P,=P;=0, p,=0, pi=p}i+#0, 6,=0,=06=0 (79

All of these solutions, except for the ferroelectric orthohomobic solution, are stable in
the PZT system. The ferroelectric orthorhombic solution was also included here,
because the coeficients necessary to calculate the energy of tis phase can be determined.
An tndependent check of the calculated coefficients can then be made by confirming
that this phase is metastable across the PZT system.

Applying these solutions to Equation 7.3 under zero stress conditions results in
the following relations for the energies of each solution

P AG =0 (7.10)
Fr AG = o,P} + a P} + o, (7.11)
Fo AG = 2a,P} + 2ay, + ap)P3 + 2y, + a,,)P3 (7.12)

Faury AG = 3a,\P} + 3o + ap)Py + (Bayy, + 6ayy; + ayy)P (7.13)
Feery AG = 3P} + 3(a,, + a, )P} + Bay + 6ay; + )P

+ 38103 + 3B1i83 + I(viy + 2vy; + vu)PI63 (7.14)
Ao AG =20} + 2oy + o )p3 + 2(0yy, + 0112)PS (7.15)
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The spontaneous ferroelectric and antiferroelectric polarizations (P3 and pg)
and tiit angle (63) in the above equations can be found from the first partial dertvative
stability conditions (3AG/3P3, 3AG/dp3. and JAG/363) as shown below.

Fr BAG/BPg =0 = 3ulllP; + 2(1“P§ + o, (7.16)

Fo 0AG/aP; = 0 = 3(ayy, + a,2)P + (Ray, + a;;2)P} + q

(717

Faiury 0AGIP; = 0 = (3ay,, + 6,2 + a;25)P3
+ 2(ay,; + ay3)P% + a (7.18)

Frary 0AG/P; = 0 = (Bay;, + 6y, + ay3)P%
+ 2(a, + a3)P% + a; + v,,63 (7.19)
d4GlaBy = 0 = B, + 2,8 + v\, P} (7.20)

Ao 0aG/op; = 0 = 3(oyyy + 04,2)p3 + (204 + o)p + o (7.21)
The polarizations and tilt angle can be calculated by solving these quadratic equations.
Equations 7.10 - 7.15 relate the energies of each solution to the coefficients of the energy

function. Thus by determining these coeffictents, the energies of each phase can be
calculated.

Spontaneous Elastic Strains

The spontaneous elastic strains x; (3GAG/dXy) under zero stress conditions can be
dertved from Equation 7.3 as follows:

Pc X} = X=X =X, =Xs=x5 =0 (7.22)
Fr x, = x, = QP3 x3 = QuP3 X, =x5=x=0 (7.23)
Fo x =20uP% x=xy=(Qn + QA

Xe = QuPl, xs=2x4=0 (7.24)
Friun =x3 = (Qu + 20:2)P3, Xy = x5 = xg = QuP} (7.25)

Fpan x = X3 = x3 = (Q + 20::)P} + (R, + 2R,»)63,

Ko
]
b

~

X3 = Xy = Xg = Q,,,,P% + R“ 9§ (7.26)
Ao x, =2Z2p3, x; = x3y = (2, + Z,))pi
Xy = Z,up:z;\ Xs = Xg = 0 (7.27

These spontaneous strain relations can be shown to be very important in
determining the coeflicients of the energy function. Spontaneous strain data will be
determined from x-ray diffraction of PZT powders, and used with the electrostrictive
constants to calculate the spontaneous polarization, which is needed to determine
coeflicients of the energy function.




7.34 Intrinsic Dielectric Properties

Relations for the relative diclectric stiffness yy ( = 324G /dPAP)) were dertved
from Equation 7.3 for the six solutions:

Pc X1t = X22 = X33 = 28004, X2=Xn=Xn=0 (7.28)

Fr X1 = X2z = 2¢olay + aPY + P4,

X33 = 2go[ey + 62;,P} + 15a;;,PY], Xi2=Xu3=Xxn=0 (7.29
Fo X1 = 2go[0; + 20,23 + (20, + @,123)P3).

X22 = X33 = 260y + (6ay, + @3)P} + (15, + Ta,y,)PS).

X1z = Xa1 =0,

X23 = degfa P} + dayy,Pi) (7.30)

Foun X = X22 = X33 = 2g0[ay + (62, + 2a5,)P3
+ (15ay,; + 140y, + a;12)P3,

X12 = Xz = Xn1 = 4 [%P% + 4oy, + axza)P;] (7.31)

Faen X = X2 = X33 = 260[a, + (6ay; + 2a,,)P}
+ (15a;;; + 14a;;; + a3)P3 + (v + 2v,2)03),

X12 = X23 = X31 = 4go[a;pP} + (4ayy; + @123)P§ + v,,603] (7.32)

Ao X1 = 2go(ay + 2p2P3ls X2z = X33 = 260 [y + (11 + ny2)p3l.

X12 = Xn =0, X235 = €oheP} (7.33)

The multiplication by permittivity of free space eg in these equations was required to
convert from absolute to relative dielectric stiffnesses. Equations 7.28 - 7.33 can be
used to calculate the relative dielectric stiffiness for each phase based on the original

cubic axes.

In the orthorhombic state the polarization can be along of the <110> directions
of the original cubic axes. The polarization of the thombohedral state can be along any
of the <111> directions. By rotating these axes so that for both states the new x3 axis is
along the polar directions, diagonalized matrices will result. The new dielectric
stiffness coefficients (indicated by a prime) can be related to the old coeflicients [defined
by equations 7.28 - 7.33] with the following relations:

Fo and Ao

Friun and Fp.n

Xn =
X33 =
Xu =

X2 =

X X2 = X33 ~ X3 (7.34)
X33+ Xz Xiz = Xm =X =0

X2 = X1 ~ Xz X3 = Xn + 2Xn

Xz = xn =0 (7.35)




These equations can be used to calculate the dielectric stiffness of the orthorhombic
and rhombohedral phases parallel and perpendicular to the polar axes.

The dielectric susceptibility coefficients (ny) can be determined from the
reciprocal of the dielectric stiffness matrices (1) using the following relation:

T],, = A,‘.'/Aq (7-36)

whereApandAarethecofactoranddetetmmam of the x matrix. Using this relation
results in the following relations for the dielectric susceptibility coefficients (ny):

Pc M =M2=N3=0IX; M=Mn=m,=0 (7.370
Fr M = M2 = Uxue 33 = Uxas (7.38)
Foand A, T = Vxie M2z = M3 = xs9/(X3s ~ xbs)s

M= =0, np = —xu/(xdh - xd) (7.39)

M= Uxne M2z = Uxza, m3y = 1ixs

Nz =npn=ny =0 (7.40)
Frimand Frory My = M2 = 33 = (xh = x82)/(xt ~ 3xuxdz + 2x12)

Nz = N2 = Ny = (x{2 = xuXa2)/ (X = 3xadz + 2x3)

M=M= Uxy, 3= Vxiss (7.41)

T2 =Nn =7y, =0 (7.42)

These equations can be used to caiculate the dielectric susceptibilities of each phase
from the coefficients of the energy function.

738 Piezoelectric Properties

Relations for the pezoelectric by coeflicients ( = 32A4G/dPiaX)) were derived from
Equation 7.3 for the tetragonal and rhombohedral states as shown below:

Fy by = 20,,P;, by, = by, = 2Q,,P;,
bis=byy=QuP;, b, =b;=b=b,=0b,=0,
bu=bn=by=by=by=by=by=be=0 (749
Friumand Fpiry by = bay = b33 =2Q,P3. by = bas = by =0
bz = by = by = by; = by = by, = 2Q,P;,

bis = b1g = by = by = by = bys = QuPs, (7.44)




Since a coupling term of type X{P;6; was not included in Equation 7.3, the 12*
relations (Equation 7.44] for the high and low temperature rhombohedral phases are
the same form. However, the spontanecous polarizations P3 are defined by different
relations for the high and low temperature rhombohedral phases, and thus different
values would result for these coeflicient.

The piezoelectric dy coefficients are defined by:

d; = bymu (7.45)
Using this relation for the tetragonal and rhombohedral states results in the following
relations:
Fr dy; = 2en3QubPs. dy =ds = 2€0M33012P;3,
dis = dyy = g1 QuPy, dy = d,=d;3=d,,=d=0.
dy=dp=dyp=dyis=dyy=dyy=dys=0dy;=0 (7.46)

Faiynyand Frr)  dyy = dp = dyy = 2eo(nQu + 211:Q002)Ps.
dy=dy=dy=dy=dy=dy
= 2eo[n11 Q12 + M2(Quu + Q1) )P,
dys = dys = dyg = 2eM12Q P,

dis = dg = dyy = das = dyy = dy5 = €[Ny, + M) QusPss (7.47)
The multiplication by the permittivity of free space ¢g in these three equations was
required to convert the dielectric susceptibilities from relative to absolute. Equations

7.43, 7.44, 7.45, and 7.46 can be used to calculate the piezoeleectric by and dy coefficients
of the tetragonal and rhombohedral phases from the coefficients of the energy function.
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738 Delineation ¢f the Phenomenological Constants

73.7

74

The tnitial basic assumption applied was that all temperatuiz dependence was
carried the lowest order stiffness constants a) and t)} which were made linear functions
of temperature. The Currie temperature Tc was taken from the phase diagram and the
Curie constant C used measured values taken from high density ceramic samples. The
temperature dependence of Py required to model the higher order aj, Curie was
determined by assuming quadratic electrostriction and measuring the X-ray
spontaneous strain in carefully prepared chemically coprecipated powders. The MPB
tmposes a major constraint upon the a's since it requires that near the 50/50 Zr/T1
cotuposition the tetragonal and rhombohedral phases have similar energies across a

very wide temperature range.

Full details of the procedures, and of the most recent families of constants can
be found in references 81-85. A tabulation of the room temperature values is given in
table 7.2.

Intrinsic Properties of PZT

Plots of the free energy vs compositions, using the fitted parameters are given in
fig. 7.8 for temperatures of 25'C, 75°C and 125°C. The resulting phase diagram deduced
from the crossing points of the phase stability lines for the whole composition
temperature field s gtven in fig. 7.9 and is shown to be in good agreement with the

accepted phase diagram.

Indications of the capability to delineate single domain properties are given in
fig. 7.10 for the susceptibility as a function of temperature in the PZT 60:40, and {n the
susceptibility as a function of composition at room temperature, given in fig. 7.11.
Examples of the full family of elasto-dielectric properties which can be deduced are
given in the original references.

Extrinsic Contzibutions to Response in PZT Type Plesoceramics

Even in the best poled PZT ceramic, because of the random orientation and the
internal stresses generated by switching the large spontaneous strains during poling,
the sample does not come to an ensemble of single domain grains. Thus tn considering
the polarizability of the ceramic in its ferroelectric phases, we must consider the
extrinsic contributions due to changes in the polar domain structure and phase makeup
brought about by the field. The type of changes occurring which could contribute to the
polarizability are shown schematically in two dimensions in fig. 7.12.

For the piezoelectric response, only extrinsic actions which are shape changing
will contribute so that simple 180° domain wall motion does not contribute, and is in
fact deleterious to piezo response since it contributes polarization without any shape

changese.g

x3 = Q) P3? and P3 give rise to identical
strains x3 and x}
x] = Q12 P3?

Non 180° wall motion, that is motion of 90° walls in the tetragonal phase, and
motion of 71° and 110° walls in the rhombohedral phases will give rise to shape change,
however, the nature of the shape change will depend on the relation between




TABLE 7.2

Values of the coeflicients used tn the energy function (eq. 7.3) at 25°C,
as a function of Zr:TI ratio.

Mole Fracuon PoTiO. in PZT

0.0 0.1 Q.2 0.3 0.4 0.3 0.6 0.7 08 09 1.0
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Fig. 7.8 Calculated Free Energy profiles for each realizable phase as a function of Zr:'Ti ratio
at (a) 25°C, (b) 75°C. (o) 125°C.
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Fig. 7.9 Comparison of calculated and measured phase diagram for PZT.
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Fig. 7.10 Single domain diclectric susceptibility calculated for a PZT 60:40 composition.
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Fig. 7.11 Dielectric susceptibility of single domain states as a function of Zr:T! ratio.
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Fig. 7.12 Possible mechanisms which can contribute to the dielectric polarizability in a
ferroelectric PZT at the MPB composition.




ferroelectric: ferroelastic wall motion and pure ferroelectric wall motion. From
figure 7.13, ff 90" motion occurs before 180" motion the effective shape change reverses
sign with the field, if however 180" motion precedes 90° wall motion the shape change
does not reverse sign with the fleld and is effectively electrostrictive. A stmilar

situation exists for phase boundary motion (fig. 7.14) where again the relation to pure
ferroelectric 180" wall switching is quite critical.

It must be stressed that in all these considerations it is that component of wall
motion which is reversible with the fleld and which persists down to almost zero field
which is of tmportant.
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Fig. 7.13 Shape changing effects of 180° pure ferroelectric and ferroelectric:ferroelastic
domain wall motion., depicted in schematic two dimensional models.
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Fig. 7.14 Shape changing effects of 180" pure ferroelectric domain motion and of phase
boundary motion in a PZT ferroelectric at a composition near the MPB.

7A4.1 Control ¢f Extrinsic Contributions to Response

During the course of many years of empirical development a wide range of low
level addittves (0-5 mole%) have been found to have a marked influence upon dielectric
and piezoelectric properties in PZT composttions. In general, the aliovalent oxides fall
into two distinct groups. Electron donor additions where the charge on the cation is
larger than that which it replaces in the PZT structure and electron acceptor additives
where the charge on the cation is smaller than that of the fon which it replaces (table 7)

The donor additions enhance both dielectric and piezoelectric response at room
temperature and under high fields show unbiased hysteresis loops with
good "squareness” and lower coerctvity. The acceptor addittves tn general reduce
both dielectric and piezoelectric responses, they give rise to highly asymmetric
hysteresis response, larger coercivity and higher electrical and mechanical Q. That the
effects of the dopants are mostly upon the extrinsic components of response is expected
from their marked influence on the hysteresis and ts confirmed by the very low
temperature behaviours (fig. 7.15). For the Navy type I to V the compositions range from
a strongly donor doping (type V) to a strongly acceptor doping in type Il but all are at the
same Zr:T! ratio. It may be noted that the very large difference in weak field
permittivity (e ~3000 - ¢ ~750) is completely lost at liquid helium temperature where
all extrinsic contributions are frozen out, and that the data agree quite well with the
intrinsic permittivity calculated from the average of the single domain values deduced
from the thermodynamic theory for that composition and temperature.
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Fig. 7.15 Common ‘dopants’' used in ‘soft’ donor doped and ‘hard’ ‘acceptor’ doped PZT
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compositions.

In the acceptor doped compositions there are very good explanations of how the
domain structure (not the wall) is stabilized.88.869.90 In essence the charged acceptor
associates with an oxygen vacancy to produce a slowly mobile defect dipole. The
vacancy is the only mobtle defect in the perovskite at room temperature and the defect
dipole orients by vacancy migration in the dipole field associated with the domain.
Thus over time the existing domain structure (poled or unpoled) is stabilized and the
walls are “stiffened.” Bias phenomena in both poled and unpoled ceramics can be
logically explained as can some facets of the aging behaviour and the time dependence
of mechanical Q.

For donor doped samples, there are only "hand waving™ arguments as to how or
why the domain walls should become more mobile and indeed it ts not clear whether
the effects are from domain walls, phase boundaries, or are defect induced. Much more
work is needed to determine the physics of the softening in these materials.

A favorite pastime for empirical development has been the combination of PZTs
with relaxor spin glass lead based compositions to produce improved "soft” high
permittivity high coupling ceramics (fig. 7.16) and a vast range of compositions has
been explored. In general the effect is to lower Te. raise e. raise k; and kp and d3s. The
typical ranges of advantage are given in 7.16. Usually the compositions used follow
closely along the MPB into these 3 component phase diagrams.

Electrostrive Actuators

The poled ferroelectric domain structure of the normal piezoelectric PZT
provides very useful actuators with field induced stratn of order 1 - 2.10°3 at field levels
of 10kV/cm. For systems which require a fiducial zero strain position however, aging
and deaging of the domain structure under high fields lead to uncomfortable changes




of the zero fleld dimensions which are unacceptable in precise positioning
applications.

For the electrostrictor (ig. 7.17) useful strain levels require very high levels of
induced polarization Le. high dielectric permittivity.
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Fig. 7.16 Examples of systemns using a relaxor additives to PZT.




ELECTROSTRICTIUE ACTURTORS

Sirect tiecirical Contrel of shupe (sirain) in on insuiating seid,

CGectraririclion.
nyq = Myxt 45 - os
YyogeMygy § . (
‘s 'ﬂ

"u‘“uu;; *fe I

M caluss widely scaltered in ditferent Insulsters,

Q velues - mucis imare Hauled cangs. Systematic change with slestic
behavier,

nireiling glingnsiuns in on eleciresirictive requires contrel of

Fig. 7.17 Actuation using the direct electrostrictive effect in a very high K ferroelectric type

perovskite,

(o

//

.fg/ o %

w0k
7
/ i

-] 0 S

P luc/cad)

Fig. 7.18 Typical polarization:strain curves in a PMN electrostriction actuator as a function

of temperature.




In the relaxor ferroelectric spin glass compositions like lead magnestum
piobate (PMN), at temperatures above the freezing temperature large levels of
polarization can be tnduced at realizable field levels and high quadratic levels of strain

are (8g. 7.18). Reproducibiitty of the strain under cyclic E field is evident in
fig. 7.19, and is compared to the "walk off” which occurs in a PZT8 due to de-aging.

Figure 7.20 show that the strain is truely quadratic when referenced to the polarization
as would be expected in electrostrictors. It is interesting to note that the Q constants for
PMN are essentially temperature independent over the range from 100 to -60'C
(fig. 7.21). An unexpected bonus in the relaxors is that the steady accretion of
pohrmmfortempaatumbelowTBumsleadstoane:pammnmmdme form

&v Q1 +2019P<111>?
which tends to compensate for the normal thermal contraction. Thus over a range of

temperatures near 20°C it is possible to mate PMN:10%PT with ULE glass so that
dimenston can be controlled electrically but do not drift thermally.

Fig. 7.19 Com:mgmemnumrmmbksmeaM:nmwh
thewalk-oﬁ'mmﬁddmtnwmchoecmmamafomuhm
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Fig. 7.20 Quadratic electrostrictive response in a PMN:10%PT actuator composition.
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Fig. 7.21 Electrostriction constants Q1) and Q12 vs temperature in PMN:109 PT.




PIEZOELECTRIC COMPOSITES

Dielectric, piezoelectric and elastic properties of poled piezoelectric ceramics
are tensor quantities and for many types of application it is possible to spell out a
figure of merit for the mateial which often requires the enhancement of some of these
tensor coefficients and the diminution of others.

A typical example is the requirement for sensing very weak hydrostatic pressure
waves using large area sensors as in many Navy hydrophone needs (fig. 8.1). For
hydrostatic pressure (fig. 8.2) the stress X)) = X22 + X33 = -p, 80 that the polarization
change P3 is given by

P = das(-p) + ds; (-p) + d31 (-p}
= (ds3 + 2d31)-p)
= dn(-p)
where d, is called the hydrostatic piezoelectric charge coeflicient.

The voltage generated by the hydrophone, working into a very high tmpedance
load will be gtve by

{ds + 2d3))
& e

and a figure of merit often used for hydrophone materials is the product dhgh

_dss + 2d3)2

dngh eas

For high sensittvity PZTs, there is an unfortunate near cancellation such that

das = -2da)
80 that dp << das or daj. and PZT alone is not a good hydrophone material.s

In exploring composites for hydrophone applications it would be advantageous
from the point of view of density and of flexibility to combine the ceramic with a
dielectric polymer. Comparing the dielectric and elastic properties between two such
phases, a fascinating juxtaposttion is evident.

Dielectrically PZT is ultra soft (k - 3,000) whilst the polymer is quite stiff
(k ~ 10} but in the elastic response, just the converse is true. The is ultra soft
{s11 ~ 30.10-11M2/N) but the ceramic is very stiff (s3] ~ 2.10"11M2/N) thus by careful
control of the mode in which each phase is seif-connected in the composite one can
"steer” the fluxes and fields so as to enhance wanted coeficients and diminish
unwanted coefficients so as to vastly improve the figure of merit.




Forward Spherical
Array (2500 Hy&oph:nos)

Fig. 8.1 Examples of the need for large area hydrophone sensors in submarine acoustics.
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Fig. 8.2  Stress system seen by the transducer under hydrostatic conditions.
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Over some 12 years of intensive effort to design effective composites three
tmportant basic principles have emerged.

. Connectivity. The mode of self interconnection of the phases controls the fluxes
and fields (n the system enabling a tafioring of the tensor coefficients.

° Symmetry. Both the symmetry of the individual component phases and the
macro symmetry of their arrangement in the composite can be used for
additional control.

. Scale. The mode of averaging for the property coefficients depends upon the
scale of the composite phases in relation to the wavelength of excitation.
Unusual resonances can occur when A and d are comparable.

A major aid in thinking about the design of connectivity was the stmple cubes
model®! (fig. 8.3) and the associated notation, now internationally accepted which
describes the dimensionality of the connectivity for acttve and passive phases.

Fig. 8.3 Stmple ‘cubes model' of connectivity patterns possible in a two phase piezoelectric
ceramic polymer composite.




An indication of the many types of connectivites which have heen used at Penn
State for piezoceramic: polymer composites is shown in fig. 8.4 and a measure of the

tmprovement in hydrophone figure of merit over pure PZT for some of these systems is
shown tn fig. 8.5.

The special case of the 1:2:3:0 composite which uses PZT rods in a foamed
polymer matrix with transverse glass reinforcement is given in fig. 8.6.

For the 1:3 type composites a major impediment to evolution for large scale
structures has been the problem of assembly. Recently Fiber Materials of Biddeford,
Maine have applied their ultraloom (fig. 8.7) technology orgtnally evolved for thick
section carbon:carbon composites to this problem. Using the ultraloom they are able to
stitch PZT posts into a template structure which contains the tranverse glass flber
reinforcement (fig. 8.8) and make sections up to 4 feet in width and of almost any

length.

The FMI composites are not only interesting for very large area hydrophones,
but can also be used in an actuator mode. It is interesting to note that with only 5 vol%
PZT and a resultant density of 2.2 gm/cm?3 the transverse coupling coefficient ki at 0.70
is larger than that of solid PZT (fig. 8.9).

The 1:3 concept has also been applied to transducers for medical
ultrasonics. 92:93.94 Here the required frequencies are much higher ~10MHz so that the
scale is very much smaller and the rod structure can be cut from solid PZT (fig. 8.10).
Beam characteristics. puise shape and coupling factor are tmproved over solid PZT
transducers.
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to-3) (e-9) (1-3) -9

P17 RODS IN A POLYUER SARSVICN CONPOSITE  OGLADS-CERANIC CONPONTE TRANS
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Fig. 8.4 Examples of composite structures with different engineered connectivities.
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performance of pure PZT.




Fig. 8.7 The Ultraloom three dimensional weaving machine used by FMI for 1:3 type
composites.
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Fig. 8.8 PZT rod pattern in a transverse reinforced PZT:Epoxy composite undergoing
fabrication of the Ultraloom at FMI Inc.
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PIEZOELECTRIC PROPERTIES OF THIN FILMS

In a perovskite structure ferroelectric in its tetragonal ferroelectric phase,
symmetry 4mm, the non zero intrinsic piezoelectric constants of the single domatn are:

ds1 = ds2 = 2Q)2P3e33
dss =  2Q))P3e33
dis = dog = QasP3en
where the Qij are the non zero electrostriction constants

P3 is the spontaneous electric polarization.
ey the components of the dielectric tensor.

For a bulk ceramic poled into conical symmetry (Curie group «» mm) we expect
stmilar relations except that now the @ y are orientation averages, the P3 {s now PR and
£33 is to be measured along the poling direction.

In the thin film it is probable that the Q constants are not significantly changed
so that ff we can achieve high values of PR and of ¢33 we might expect strong
piezoelectricity. Initial measurements of the changg of film thickness under field,
using the Penn State MRL optical ultradilatometer95.96 show a clear piezoelectric effect

(fig. 9.1). Measuring the slope of a sequence of strain: field curves like figure 9.1 at
different DC bias levels a maximum

ds3 =217 pC/N (is recorded in fig. 9.2).

For an undoped PZT of a similar 52/48 Zr:Ti composition

d33 =223 pC/N.

To measure dj), since the film is firmly bonded to a platinum film on the silicon
substrate, it was necessary to use a monomorph bending mode excited in a thin silicon
strip. Again the measured deflections yield a value for

d31; = -88.7 pC/N (fig. 9.3).
close to the value

day = -93.5 pC/N
quoted for the 52:48 Zr'T1 undoped composition.

Taking values for the elastic constants s} ;F, s33E, s12F similar to the bulk
ceramic it is then possible to derive the piezoelectric coupling coefficients

Kaz = 0.49
K31 = 022
Kp = 032
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Fig. 9.1 Thickness strain x3 measured as a function of applied DC field
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Fig. 9.2  Piezoelectric constant dss as deduced from a sequence of strain:field curves such as
9.1 under different static bias field levels.
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Fig. 9.3  Strain measured from the flexure of a PZT 52/48 thin film monomorph on a silicon

substrate.

As a reliminary exercise to explore the utility of the high piezoelectric constants
and strong electromechanical coupling for PZT films on silicon we have cooperated
with MIT and Lincoln Labs to demonstrate a piezoelectric flexure wave micro-motor.

The concept is shown schematically in fig. 3.4. The silicon water is coated with
a thick (2 yu meters) silicon axynitride film, then etched from the back side to define a
window 2.5 mm square. Titanium bonded platinum electrode is deposited upon the
upper surface and a 4,500 A’ 52:48 PZT sol gel film is spun on and processed on the
upper surface.

The upper electrode pattern 1 mm in diameter is plated onto the upper surface of
the PZT using a photo-resist technique.

To examine the surface flexure wave generated by sine:cosine fields applied to
the electrodes a 0.8 mm diameter glass lens was centered on the electrode pattern. With
a field of 2 voits applied it was possible to generate stable rotation of the lens at a speed
~ 120 rpm. The experiment was in the nature of a proof of concept, and the system is
now being redesigned to better locate the plattern and to tmprove the electrode geometry
and dielectric perfection.

From observation of the acceleration of the glass lens on switching on the fields,
we project that torques of the order 10~ Newton meters are realized even with this very
primitive design. Such torques would not be unrealistic, given the high energy density
and the strong coupling coefficient of the ferroelectric film.




Fig. 9.4 Schematic drawings of the electrode pattern for a PZT thin film micro-motor using
amumgnmumgmaedmammmonasﬂbonmnmde diaphragm.
Themtatmgwavehubeendemonstntedtomtateasmall(o.sm)glaslensat

~120 rpm.
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ADVANCED CERAMICS

Electronic ceramics, 601
Structural ceramics, 620

ELECTRONIC CERAMICS

Electronic ceramics is a generic term describing a class of inorganic, nonmetallic
materials utilized in the electronics industry. Although the term electronic ce-
ramics, or electroceramics, includes amorphous glasses and single crystals, it
generally pertains to polycrystalline inorganic solids comprised of randomly
oriented crystallites (grains) intimately bonded together. This random orienta-
tion of small, micrometer-size crystals results in an isotropic ceramic possessing
equivalent properties in all directions. The isotropic character can be modified
during the sintering operation at high temperatures or upon cooling to room
" temperature by processing techniques such as hot pressing or poling in an electric
or magnetic field (see CERAMICS AS ELECTRICAL MATERIALS).

The properties of electroceramics are related to their ceramic microstruc-
ture, ie, the grain size and shape, grain-grain orientation, and grain boundaries,
as well as to the crystal structure, domain configuration, and electronic and
- defect structures. Electronic ceramics are often combined with metals and poly-
mers to meet the requirements of a broad spectrum of high technology applica-
tions, computers, telecommunications, sensors (qv), and actuators. Roughly
speaking, the multibillion dollar electronic ceramics market can be divided into
six equal parts as shown in Figure 1. In addition to SiO,-based optical fibers and

Fig. 1. Electronic ceramics market (1).
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displays, electronic ceramics encompass a wide range of materials and crystal
structure families (see Table 1) used as insulators, capacitors, piezoelectrics (qv),
magnetics, semiconductor sensors, conductors, and the recently discovered high
temperature superconductors. The broad scope and importance of the electronic
ceramics industry is exemplified in Figure 2, which schematically displays electro-
ceramic components utilized in the automotive industry. Currently, the growth of
the electronic ceramic industry is driven by the need for large-scale integrated
circuitry giving rise to naw developments in materials and processes. The devel-
opment of multilayer packages for the microelectronics industry, composed of
multifunctional three-dimensional ceramic arrays called monolithic ceramics
(MMC), continues the miniaturization process begun several decades ago to
provide &8 new generation of robust, inexpensive products.

Oxygen sensor

Leanmixture sensor

Knock sensor Piezoelectric buzzer
Coolent temperature sensor  LED loser
Fluorescent tude
EL display

Quich heater
PTC resistor

Automatic choke heater Humidity semsor
Eariy fuel evaporation heater

Spark plug
Desteidutor roter

Cool gnd hot box heoter

\ Ultresonic wave sensor

\ Fuel level sensor

Mechonical seol Motor core
Rocker orm pod
E:Mum QOs tempersture sensor
tolytic substrate
Glow plug Hea! insulator
Fuel heater \ ) _
Swwl chomber Hybrid IC printed circuit board
Piston ring iC pockage
Turbo rotor Capaocitors

Resistors

Fig. 2. Electronic ceramics for automotive applications. Courtesy of Nippon
Denso, Inc.

Structure-Property Relations

An overview of the atomistic and electronic phenomena utilized in electroceramic
technology is given in Figure 3. More detailed discussions of compositional
families and structure-property relationships can be found in other articles. (See,
for example, FERROELECTRICS, MAGNETIC MATERIALS, and SUPERCONDUCTING MA-
TERIALS.)

Multilayer capacitors, piezoelectric transducers, and positive temperature
coefficient (PTC) thermistors make use of the ferroelectric properties of barium
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SIS

@ " @
Fig. 8. An overview of atomistic mechanisms involved in electroceramic compo-
nents and the corresponding uses: (a) ferroelectric domains: capacitors and piezoelectrics,
PTC thermistors; (b) electronic conduction: NTC thermistor; (c) insulators and substrates;
(d) surface conduction: humidity sensors; (e) ferrimagnetic domains: ferrite hard and soft
magnets, magnetic tape; (f) metal-semiconductor transition: critical temperature NTC
thermistor; (g) ionic conduction: gas sensors and batteries; and (h) grain boundary phe-
nomena: varistors, boundary layer capacitors, PTC thermistors.

titanate (IV) [12047-27-7], BaTiO;, and lead zirconate titanate [12626-8]1-2]. On
cooling from high temperature, these ceramics undergo phase transformations to
polar structures having complex domain patterns. Large peaks in the dielectric
constant accompany the phase transitions where the electric dipole moments are
especially responsive to electric fields. As a result, modified compositions of bar-
ium titanate (qv), BaTiO,, are widely used in the multilayer capacitor industry
and most piezoelectric transducers are made from lead zirconate titanate,
PbZr,_,Ti,0; (PZT) ceramics. Applying a large dc field (poling) aligns the do-
mains and makes the ceramic piezoelectric. The designation PZT is a registered
trademark of Vernitron, Inc.

Similar domain phenomena are observed in ferrimagnetic oxide ceramics
such as manganese ferrite (12063-10-4], MnFe;0,, and BaFe,,0,,, but the under-
lying mechanism is different. The unpaired spins of Fe*+ and Mn?* ions give rise
to magnetic dipole moments which interact via neighboring oxygen ions through
a super-exchange mechanism. The magnetic dipoles are randomly oriented in the
high temperature paramagnetic state, but on cooling through the Curie tempera-
ture, T, align to form magnetic domains within the ceramic grains. The peak in
the magnetic permeability at T, is analogous to the peak in the dielectric
constant of ferroelectric ceramics. Domain walls move easily in soft ferrites (qv)
like MnFe O, and y-Fe,0,, which are used in transformers and magnetic tape. In
barium ferrite [1113811-7), the spins are firmly locked to the hexagonal axis,
making it useful as a permanent magnet.
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Several kinds of conduction mechanisms are operative in ceramic thermis-
tors, resistors, varistors, and chemical sensors. Negative temperature coefficient
(NTC) thermistors make use of the semiconducting properties of heavily doped
transition metal oxides such as n-type Fe,_,Ti,0; and p-type Ni,_,Li,O. Thick
film resistors are also made from transition-metal oxide solid solutions. Glass-
bonded Bi;_s,Pby,Rus0;_, having the pyrochlore [1217436-6] structure is typi-
cal,

Phase transitions are involved in critical temperature thermistors. Vana-
dium , VO,, and vanadium trioxide [1314-34-7], V03, have semiconductor-metal
transitions in which the conductivity decreases by several orders of magnitude on
cooling. Electronic phase transitions are also observed in superconducting ce-
ramics like YBayCuy0;_,, but here the conductivity increases sharply on cooling
through the phase transition.

Tonic conductivity is used in oxygen sensors and in batteries (qv). Stabilized
zirconia, Zr;_,Ca,0,_,, has a very large number of oxygen vacancies and very
high 0%~ conductivity. S-Alumina [12005-48-0], NaAl,,0,, is an excellent cation
conductor because of the high mobility of Na* ions. Ceramics of f-alumina are
used as the electrolyte in sodium-sulfur batteries.

Surface conduction is monitored in most humidity sensors through the use
of porous ceramics of MgCr,0,-TiO, that adsorb water molecules which then
dissociate and lower the electrical resistivity.

Grain boundary phenomena are involved in varistors, boundary layer capac-
itors, and PTC thermistors. The formation of thin insulating layers between
conducting grains is crucial to the operation of all three components. The
reversible electric breakdown in varistors has been traced to quantum mechani-
cal tunneling through the thin insulating barriers. In a BaTiO;-PTC thermistor,
the electric polarization associated with the ferroelectric phase transition neu-
tralizes the insulating barriérs, causing the ceramic to lose much of its resistance
below T¢. Boundary layer capacitors have somewhat thicker barriers which
cannot be surmounted, and hence the ceramic remains an insulator. However, the
movement of charges within the conducting ceramic grains raises the dielectric
constant and increases the capacitance.

Lastly, the importance of electroceramic substrates and insulators should
not be overlooked. Here one strives to raise the breakdown strength by eliminat-
ing the interesting conduction mechanisms just described. Spark plugs, high
voltage insulators, and electronic substrates and packages are made from ce-
ramics like alumina, mullite [55964.99-3], and porcelain [1332-58-7).

Electroceramic Processing

Fabrication technologies for all electronic ceramic materials have the same basic
process steps, regardless of the application: powder preparation, powder process-
ing, green forming, and densification.

Powder Preparation. The goal in powder preparation is to achieve a
ceramic powder which yields a product satisfying specified performance stan-
dards. Examples of the most important powder preparation methods for electronic
ceramics include mixing/calcination, coprecipitation from solvents, hydro-
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thermal processing, and metal organic decomposition. The trend in powder syn-
thesis is toward powders having particle sizes less than 1 um and little or no hard
agglomerates for enhanced reactivity and uniformity. Examples of the four basic
methods are presented in Table 2 for the preparation of BaTiO; powder. Reviews
of these synthesis techniques can be found in the literature (2,5).

The mixing of components followed by calcination to the desired phase(s)
and then milling is the most widely used powder preparation method (2). Mixing/
calcination is straightforward, and in general, the most cost effective use of
capital equipment. However, the high temperature calcination produces an ag-
glomerated powder which requires milling. Contamination from grinding media
and mill lining in the milling step can create defects in the manufactured product
in the form of poorly sintered inclusions or undesirable compositional modifica-
tion. Furthermore, it is difficult to achieve the desired homogeneity, stoichiome-
try, and phases for ceramics of complex composition.

Coprecipitation is a chemical technique in which compounds are precipi-
tated from a precursor solution by the addition of a precipitating agent, for
example, a hydroxide (5). The metal salt is then calcined to the desired phase. The
advantage of this technique over mixing/calcination techniques is that more
intimate mixing of the desired elements is easily achieved, thus allowing lower
calcination temperatures. Limitations are that the calcination step may once
again result in agglomeration of fine powder and the need for milling. An addi-
tional problem is that the ions used to provide the soluble salts (eg, chloride from
metal chlorides) may linger in the powder after calcination, affecting the proper-
ties in the sintered material.

Hydrothermal processing uses hot (above 100°C) water under pressure to
produce crystalline oxides (6). This technique has been widely used in the forma-
tion process of Al;O; (Bayer Process), but not yet for other electronic powders.
The situation is expected to change, however. The major advantage of the
hydrothermal technique is that crystalline powders of the desired stoichiometry
and phases can be prepared at temperatures significantly below those required for
calcination. Another advantage is that the solution phase can be used to keep the
particles separated and thus minimize agglomeration. The major limitation of
hydrothermal processing is the need for the feedstocks to react in a closed system
to maintain pressure and prevent boiling of the solution.

Metal organic decomposition (MOD) is a synthesis technique in which
metal-containing organic chemicals react with water in a nonaqueous solvent to
produce a metal hydroxide or hydrous oxide, or in special cases, an anhydrous
metal oxide (7). MOD techniques can also be used to prepare nonoxide powders
(8,9). Powders may require calcination to obtain the desired phase. A major
advantage of the MOD method is the control over purity and stoichiometry that
can be achieved. Two limitations are atmosphere control (if required) and expense
of the chemicals. However, the cost of metal organic chemicals is decreasing with
greater use of MOD techniques.

Powder Processing. A basic guideline of powder manufacturing is to do
as little processing as possible to achieve the targeted performance standards (see
POWDERS, HANDLING). Ceramic powder fabrication is an iterative process during
which undesirable contaminants and defects can enter into the material at any
stage. Therefore, it is best to keep the powder processing scheme as simple as
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possible to maintain flexibility. Uncontrollable factors such as changes in the
characteristics of as-received powders must be accommodated in the processing
from batch to batch of material. Keeping the processing simple is not always
possible: the more complex the material system, the more complex the processing
requirements.

A fundamental requirement in powder processing is characterization of the
as-received powders (10-12). Many powder suppliers provide information on tap
and pour densities, particle size distributions, specific surface areas, and chemical
analyses. Characterization data provided by suppliers should be checked and
further augmented where possible with in-house characterization. Uniaxial char-
acterization compaction behavior, in particular, is easily measured and provides
data on the nature of the agglomerates in a powder (13,14).

Milling is required for most powders, either to reduce particle size or to aid
in the mixing of component powders (15). Commonly employed types of commi.
nution include ball milling, and vibratory, attrition, and jet milling, each pos-
sessing advantages and limitations for a particular application. For example, ball
milling is well-suited to powder mixing but is rather inefficient for comminution.

Green Forming. Green forming is one of the most critical steps in the
fabrication of electronic ceramics. The choice of green forming technique depends
on the ultimate geometry required for a specific application. There are many
different ways to form green ceramics, several of which are summarized in Table
3. Multilayer capacitors require preparation and stacking of two-dimensional
cerami: sheets to obtain a large capacitance in a small volume. Techniques used
to prepare two-dimensional sheets of green ceramic, including tape casting,
(16-22) are discussed later under processing of multilayer ceramics. Manufactur-
ing methods for ceramic capacitors have been reviewed (23).

Table 3. Green Forming Procedures for Electronic Ceramics

Green forming

method Geometries Applications
uniaxial pressing disks, toroids, plates disk capacitors, piezo transducers,
magnets
cold isostatic complex and simple spark plugs, ZrO,-0, sensors
pressing

colloidal casting complex shapes crucibles, porcelain insulators

extrusion thin sheets (>80 um), substrates, thermocouple insulator,
rods, tubes, honeycomb catalytic converters, PTC
substrates thermistor heaters

injection molding small complex shapes ZrOy-0 sensors
(<1.0 cm)

Uniaxial pressing is the method most widely used to impart shape to ceramic
powders (24). Binders, lubricants, and other additives are often incorporated into
ceramic powders prior to pressing to provide strength and assist in particle
compaction (25). Simple geometries such as rectangular substrates for integrated
circuit (IC) packages can be made by uniaxial pressing (see INTEGRATED CIR-
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More complex shapes can be made by cold isostatic pressing (CIP). CIP uses
deformable rubber molds of the required shape to contain the powder. The appli-
cation of isostatic pressure to the mold suspended in a pressure transfer media,
such as oil, compacts the powder. CIP is not as easily automated as uniaxial
pressing, but has found wide application in the preparation of more complex
shapes such as spark plug insulators (26).

Slip or colloidal casting has been used to make complex shapes in the
whiteware industry for many years (24). Other work has shown that colloidal
casting can be used to produce electronic ceramic materials having outstanding
strength because hard agglomerates can be eliminated in the suspension process-
ing (27-29). Colloidal casting uses a porous mold in which the fine particles in a
colloidal suspension accumulate because of capillary forces at the wall surface of
the mold. Relatively dense packing of the particles, to approximately 60% of
theoretical density, can be achieved. More importantly, hard aggregates can be
eliminated from the colloid by suitable powder selection and processing. Drying
of the resulting material may not be trivial and sections greater than about
~1.25 cm thick are sometimes difficult to obtain.

In addition to being the preferred forming technique for ceramic rods and
tubes, extrusion processes are used to fabricate the thick green sheets used in
many electronic components (24,30,31). The smallest thickness for green sheets
prepared by extrusion techniques is about 80 ym. Organic additives similar to
those used in tape casting are employed to form a high viscosity plastic mass that
retains its shape when extruded. The extrusion apparatus, schematically shown
in Figure 4, consists of a hopper for introduction of the plasticized mass, a de-
airing chamber, and either a screw-type or plunger-type transport barrel in which
the pressure is generated for passage of the plastic mass through a die of the
desired geometry. The plastic mass is extruded onto a carrier belt and passed
through dryers to relax the plastic strain remaining after extrusion. The green
sheet can be stamped or machine diced to form disks, walers, or other platelike
shapes.

== =

Fig. 4. Schematic of extrusion type apparatus for green sheet fabrication.
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Injection molding is particularly suited to mass production of small complex
shapes with relatively small (< 1.0 cm) cross sections (32-34). Powders are mixed
using thermoplastic polymers and other organic additives. A molten mass com-
posed of the ceramic and a thermoplastic binder system are injected via a heated
extruder into a cooled mold of desired shape. The organic is burned out and the
ceramic consolidated. Machining fragments from the green ceramic can be recy-
cled because the thermoplastic polymers can be reversibly heated. Molds can be
relatively expensive 80 injection molding is best suited to the preparation of a
large number of single parts. Because of the high organic content required,
organic removal is not trivial. Green sections greater than 1.0 cm thick require
slow heating rates during burnout to avoid bloating and delamination of the
green ceramic.

Densification. Densification generally requires high temperatures to elim-
inate the porosity in green ceramics. Techniques include pressureless sintering,
hot-pressing, and hot isostatic pressing (HIP). Pressureless sintering is the most
widely used because of ease of operation and economics. Hot-pressing is limited to
relatively simple shapes whereas more complex shapes can be consolidated using
HIP (35). Sintering is used for most oxide electronic ceramics. Hot-pressing and
HIP, which employ pressure and high temperatures, are used to consolidate
ceramics in which dislocation motion (leading to pore elimination) is sluggish.
Both techniques are particularly useful for nonoxide materials such as silicon
nitride [12033-8%-5] and silicon carbide [409-21-2] (35,36) (see CARBIDES; NITRIDES).

Special precautions are often used in the sintering of electronic ceramics.
Heating rates and hold times at maximum temperature are critical to microstruc-
tural development and grain size control. Sintering cycles may include intermedi-
ate temperature annealing or controlled cooling to relieve residual strains or
avoid deleterious phase transformations. Atmosphere control may be important
to prevent loes of volatile components or avoid reduction reactions. In continuous
production, sequential burnout (organics) and sintering may take place in the
same furnace, requiring complex temperature cycles even for relatively simple
devices. Complex devices such as thick film circuits and monolithic multi.
component ceramics may require many sequential fabrication and sintering steps.

Processing of Multilayer Ceramics

Rapid advances in integrated circuit technology have led to improved processing
and manufacturing of multilayer ceramics (MLC) especially for capacitors and
microelectronic packages. The increased reliability has been the result of an
enormous amount of research aimed at understanding the various microstruc-
tural-property relationships involved in the overall ML.C manufacturing process.
This includes powder processing, thin sheet formation, metallurgical interac-
tions, and testing.

Presently, multilayer capacitors and packaging make up more than half the
electronic ceramics market. For multilayer capacitors, more than 20 billion units
are manufactured a year, outnumbering by far any other electronic ceramic
component. Multilayer ceramics and hybrid packages consist of alternating lay-
ers of dielectric and metal electrodes, as shown in Figures 5 and 6, respectively.
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Ceromic
dielectric
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electrode

Fig. 5. Schematic cross section of a conventional MLC capacitor.

Fig. 6. Schematic of a MLC substrate for microelectronic packaging (37).

The driving force for these compact configurations is miniaturization. For capaci-
tors, the capacitance (C) measured in units of farads, F, is

t

where K is the dielectric constant (unitless); ¢, the permittivity of free space =
8.85 x 10~12 F/m; A the electrode area, m? and ¢ the thickness of dielectric layer,
m. Thus C increases with increasing area and number of layers and decreasing
thickness. Typical thicknesses range between 15 and 35 ym. Similarly, for sub-
strate packages, the multilayer configuration incorporates transversely inte-
grated conductor lines and vertical conducting paths (vias) allowing for numer-
ou: interconnects to components throughout the device system and power
digtribution in a relatively small space. MLC substrates capable of providing
12,000 electrical connections containing 350,000 vias are currently manufactured
(38,39).
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A number of processing steps, shown in Figure 7, are used to obtain the
multilayer configuration(s) for the ceramic-metal composites. The basic process
steps are slip preparation, green tape fabrication, via-hole punching (packages),
printing of internal electrodes or metallization, stacking and laminating, dicing
or dimensional control, binder burnout, sintering, end termination, and en-
capsulation. After each processing step, quality control in the form of nondestruc-
tive physical and electrical tests ensures a uniform end-product.

Fig. 7. Fabrication process for MLC capacitors. Steps are (a) powder; (b) slurry
preparation; (c) tape preparation; (d) electroding; (e) stacking; (f) lamination; (g) dicing;
(b) burnout and firing; and (i) termination and lead attachment.

The basic building block, the ceramic green sheet, starts using a mixture of
dielectric powder suspended in an aqueous or nonaqueous liquid system or
vehicle comprised of solvents, binders, plasticizers, and other additives to form a
slip that can be cast in thin, relatively large area sheets. The purpose of the binder
(20,000-30,000 molecular weight polymers) is to bind the ceramic particles to-
gether to form flexible green sheets. Electrodes are screened on the tape using an
appropriate paste of metal powders. Solvents play a number of key roles, ranging
from deagglomeration of ceramic particles to control the viscosity of the cast slip,
to formation of microporosity in the sheet as the solvent evaporates. Plasticizers,
ie, small to medium sized organic molecules, decrease cross-linking between
binder molecules, imparting greater flexibility to the green sheet. Dispersants,
typically 1,000 to 10,000 molecular weight polymer molecules, are added to slips to
aid in the de-agglomeration of powder particles, allowing for higher green densi-
ties in the cast tape. Several review articles on the functional additives in tape
cast systems are available (16,17,25,40-44). The resulting slip should have
pseudoplastic rheological behavior so that the slip flows during high shear rate
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casting operations, but displays little or no flow afterward, thus maintaining tape
dimension (45).

There are several methods to make large ceramic sheets for MLC manufac-
turing (17-23). The methods include glass, belt and carrier film casting, and wet
lay down techniques. The relative advantages and limitations of each technique
have been reviewed (46). The two most commonly employed techniques, belt
casting and doctor blading, are depicted schematically in Figure 8.
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Fig. 8. Schematic of methods for MLC manufacturing; (a) belt casting; (b) carrier
film casting using a doctor blade.

Metallization of the green sheets is usually carried out by screen printing,
whereby a suitable metal ink consisting of metal powders dispersed in resin and
solvent vehicles is forced through a patterned screen. Palladium [7440-05-3) and
silver-palladium (Ag:Pd) alloys are the most common form of metallization;
tungsten [7440-33-7] and molybdenum [7439-98-7] are used for high (>1500°C)
temperature MLCs (47-52). Following screening, the metallized layers are
stacked and laminated to register (align) and fuse the green sheets into a mono-
lithic component. Proper registration is crucial to achieve and maintain capaci-
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tance design (MLC capacitors’ and for proper via-hole placement in MLC pack-
ages.

Sintering is the most complex process in MLC fabrication. Ideally, the
binder burnout and sintering steps are performed during the same temperature
cycle and in the same atmosphere. Most binders burn out by 500°C, well before
pore closure in the densification of most ceramics. Sintering behavior of the many
different MLL.C components must be reconciled to achieve a dense material. Inter-
nal metallization and the dielectric must co-fire in a single process. Firing
temperatures are related to material composition and can be adjusted using
additives. Densification rates are related both to the process temperature and to
particle characteristics (size, size distribution, and state of agglomeration). Thus,
the burnout and sintering conditions depend heavily on the system.

After densification, external electrode termination and leads are attached
for MLC capacitor components, and pin module assembly and IC chip joining is
carried out for MLC packages. The devices are then tested to ensure performance
and overall reliability.

Thick Film Technology

Equally important as tape casting in the fabrication of multilayer ceramics is
thick film processing. Thick film technology is widely used in microelectronics for
resistor networks, hybrid integrated circuitry, and discrete components, such as
capacitors and inductors along with metallization of MLC capacitors and pack-
ages as mentioned above.

In principle, the process is equivalent to the silk-screening technique
whereby the printable components, paste or inks, are forced through a screen
with a rubber or plastic squeegee (see Fig. 7). Generally, stainless steel or nylon

Table 4. Componenis of Thick Film Compositions”

Component Composition
functional phase
conductor Au, Pt/Au
Ag, Pd/Ag
Cu, Ni
resistor RuO,
BigRl.lg(h
LaBg
dielectric BaTiO;
glass
glass—ceramic
AlgOy
binder glass: borosilicates, aluminosilicates
oxides: CuOQ, CdO
vehicle volatile phase: terpineol, mineral spirits

nonvolatiles: ethyl cellulose, acrylates

“Ref. 53.
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filament screens are masked using a polymeric material forming the desired
printed pattern in which the composition is forced through to the underlying
substrate.

Thick film compositions possess three parts: (I) functional phase, (2) binder,
and (3) vehicle. The functional phase includes various metal powders for conduc-
tors, electronic ceramics for resistors, and dielectrics for both capacitors and
insulation. Examples of typical components for thick film compositions are given
in Table 4. The binder phase, usually a low ( <1000°C) melting glass adheres the
fired film to the substrate whereas the fluid vehicle serves to temporarily hold the
unfired film together and provide proper rheological behavior during screen
printing. Thick film processing for hybrid integrated circuits typically takes place
below 1000°C providing flexible circuit designs.

Current and Future Developments in Muitilayer Electronic Ceramics

Advances in the field of electronic ceramics are being made in new materials,
novel powder synthesis methods, and in ceramic integration. Monolithic
multicomponent components (MMC) take advantage of three existing technolo-
gies: (1) thick film methods and materials, (2) MLC capacitor processes, and (3) the
concept of cofired packages as presented in Figure 9. Figure 10 shows an exploded
view of a monolithic multicomponent ceramic substrate.

) Mutiayer Hgh temperatre
Thick fim capaciior cofire
multicomponent fired capacitor electrodes; substrate electrode;
corgmic substrat; ceramic green tape; coramic green tape;
high conductivity high conductivity low conductivity
metals (Au, Ag Cu); metsls (P Au, Pd/Ag); metais (W, Mo, Mo~Mn);
mudtiple firing at singe firing at 900~1300°C single firing 2!
800 -1000°C; fioxble desig 1500°C, in hydrogers
flexibie design; moderate capital investment complex process;
low capital investment. high capital investment.
Monolthic mulicomponent ceramics
multiayer technique;
fhick fin buried devices;
turied tape devices;
surface hytridization
veriical inlegration, compositional imegration;
trybrickzation.

Fig.9. Monolithic multilayer ceramics (MMCs) derived from multilayer capacitor,
high temperature cofire, and thick film technologies.
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Brazed input/ gutput pins
Fig. 10. Exploded view of a monolithic multicomponent ceramic substrate. Layers
(a) signal distribution; (b) resistor; (c) capacitor; (d) circuit protection; and (e) power
distribution are separated by (f) barrier layers.

New materials for packaging include aluminum nitride [24304-00-5), AIN,
silicon carbide [409-21-2], SiC, and low thermal expansion glass-ceramics, re-
placing present day alumina packaging technology. As shown in Table 5, these
new materials offer significant advantages to meeting the future requirements of
the microelectronics industry. Properties include higher thermal conductivity,

Tahie 6. Properties of High Performance Ceramic Substrates®

80%
Properties AIN SiC Glass-ceramics AlyOy
thermal conductivity, W/(m-K) 230 270 5 2
thermal expansion coefficient, 43 37 3042 67
RT — 400°C x 10~7/*C?
dielectric constant at 1 MHz 89 42 3.9-78 9.4
flexural strength, kg/cm? 3500—4000 4500 1500 3000
thin film metals Ti/Pd/Au Ti/Cu Cr/Cu, Au Cr/Cu
Ni/Cr/Pd/Au
thick film metals Ag-Pd Au Au, Cu, Ag-Pd
Cu Ag-Pd Ag-Pd Cu, Au
cofired metals w Mo Au-Cu, W, Mo
Ag-Pd
cooling capaebility, *C/W
air 6 5 60 30
water <1 <1 <1 <1

*Ref. 30.
*RT = room temperature.
‘External cooling.
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lower dielectric constant, cofire compatibility, and related packaging character-
istics such as thermal expansion matching of silicon and high mechanical
strength as compared to Al,0;.

Greater dimensional control and thinner tapes in multilayer ceramics are
the driving forces for techniques to prepare finer particles. Metal organic decom-
position and hydrothermal processing are two synthesis methods that have the
potential to produce submicrometer powders having low levels of agglomeration
to meet the demand for more precise tape fabrication.

As stated above, the development of multifunctional MLCs based on exist-
ing technologies offers excellent growth potential since MMCs combine the
possibilities of both the high cofire (packaged) substrates and burial of surface
devices (54-57). Burial of surface devices promises gains in both circuit density
and device hermiticity, leading to increased reliability. Processing trade-offs are
expected since current electronic materials for multilayer applications (capaci-
tors, transducers, sensors) are densified at very different firing temperatures.
Consequently, integrated components will likely be of lower tolerance and limited
range, at least in the early developmental stages. Current efforts have been
directed toward incorporation of multilayer capacitor-type power planes and
burial of thick film components, including resistors and capacitors. The latter
processing technology offers more immediate possibilities as it is developed to
cofire at conventional thick film processing temperatures for which a wide range
of materials exist.

The continuing miniaturization of electronic packaging should see the re-
placement of components and processes using such thin film technologies devel-
oped for semiconductors as sputtering, chemical vapor deposition, and sol-gel
(see SOL~GEL TECHNOLOGY; THIN FILMS) (§8,59). Sputtering is the process whereby
a target material is bombarded by high energy ions which liberate atomic species
from the target for deposition on a substrate. Chemical vapor deposition (CVD)
involves a gaseous stream of precursors containing the reactive constituents for
the desired thin film material, generally reacted on a heated substrate. The more
recent process for thin films, sol-gel, uses a nonaqueous solution of metal-
organic precursor. Through controlled hydrolyses, a thin, adherent film is pre-

Table 6. Current and Future Developments in Thin Film Electronic Ceramics’

Material Application Methods
PT, PZT, PLZT nonvolatile memory, ir, sol-gel, sputtering
pyroelectric detectors,
electro-optic waveguide,
and spatial light modulators
diamond (C) cutting tools, high temperature chemical vapor
semiconductors, protective deposition (CVD)
optical coatings
Si0y, BaTiOy capacitors sol-gel, sputtering,
chemical vapor
deposition (CVD)
1:2:3 superconductors squids, nmr, interconnects

*Refs. 58 and 59.
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pared by dip-coating or spin-coating. The dried *“gel” film is then crystallized and
densified through heat treatments. Both existing and future developments of thin
film electronic ceramics and methods are presented in Table 6.
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ABSTRACT

The concept of a fully tunable transducer is developed as an example of a
very smart material whose sensing and actuating functions can be tuned to
optimize behavior. By constructing the composite transducer from an elastically
nonlinear material (rubber) and an electrically nonlinear material (relaxor
ferroelectric), most of its key properties can be adjusted over wide ranges by
applying DC bias fields or mechanical prestress. These properties include
resonant frequency, acoustic and electric impedance, damping factors, and
electromechanical coupling coefficients.

The origins of nonlinear _gopenies are considered briefly using
clectrostriction as an example. e nonlinearities usually involve phase
transformations and size-dependent phenomena on the nanometer scale.

INTRODUCTION

Much of the recent interest in nonlinear phezomena stems from the desire
to build "smart materials” for intelligent systems. The words "smart materials”
have different meanings for different people, and can be smart in either a passi
Sense or an acuve sense. ass! SIart_ms \1 S _1NCOTDOIate S¢ a1

. R a . : .

den ol intl i ¢ the material to withstand

Ceramic varistors and PTC thermistors are %lassivel{ smart materials.
When struck by lightning or otherwise subjected to high voltage, a zinc oxide
varistor loses its electrical resistance and the current is bypassed to ground. The
resistance change is reversible and acts as a stand-by protection phenomenon.
Barium titanate PTC thermistors show a large increase in electrical resistance at
the ferroelectric phase transformation near 130°C. The jump in resistance enables
the thermistor to arrest current surges, again acting as a protection element. The




R(V) behavior of the varistor and the R(T) behavior of the PTC thermistor are
both highly nonlinear effects which act as standby protection phenomena, and
make the ceramics smart in a passive mode.

A smart ceramic can also be defined with reference to sensing and
actuating functions, in analogy to the human body. A_smart ceramic senses 8
Ve 134 YIS gl 114 LU DACA [12s 1R1ELA S .
response. It is both a sensor and an acutator. Examples include vibration
damping systems for space structures and energy-saving windows for homes and
factories. The new electronically-controlled automobile suspension systems
using piezoelectric ceramic sensors and actuators constitutes an actively smart

Such a material can tune its sensor actuator functions in time and space to
optimize behavior. The distinction between smart and very smart materials is
essentially one between linear and nonlinear properties. The physical properties
of nonlinear materials can be adjusted by bias fields or forces to control response.

TUNABLE TRANSDUCER

To illustrate the concept of a very smart material, we describe the tunable
transducer recently developed in our laboratory. Electromechanical transducers
are used as fish finders, gas igniters, ink jets, micropositioners, biomedical
scanners, piczoelectric transformers and filters, accelerometers, and motors.

Four important properties of a transducer are the resonant f, the
acoustic impedance Z,, the mechanical damping coefficient Q, the
electromechanical coupling factor k, and the electrical i . The
resonant frequency and acoustic impedance are controlled by the elastic constants
and density, as discussed in the next section. The mechanical Q is governed by
the damping coefficient (tan 3) and is important because it controls "ringing” in
the transducer. Electromechanical coupling coefficients are controlled by the
piezoelectric coefficient which, in tum, can be coatrolled and fine-tuned using
relaxor ferroelectrics with large electrostrictive effects. The dielectric "constant™
of relaxor ferroelectrics depends markedly on DC bias fields, allowing the
electrical i to be tuned over a wide range as well. In the following
sections we ibe the nature of nonlinearity and how it controls the properties
of a tunable transducer.

ELASTIC NONLINEARITY: TUNING THE RESONANT FREQUENCY

Information is transmitted on electromagnetic waves in two ways:
amplitude modulation (AM) and frequency modulation (FM). There are an
of advantages to FM signal processing, especially where lower noise levels are
important.




Signal-to-noise ratios are also important in the ultrasonic systems used in
biomedical and nondestructive testing systems, but FM-modulatior. is difficult
because resonant frequencies are controlled by stiffness (c) and sample

dimensions (t):
f = -217-\/0 l p

Neither c, t, or the density p can be tuned significantly in most materials, but
rubber is an exception. To tune the resonant frequency of a piczoelectric
transducer, we have designed and built a composite transducer incorporating thin
rubber layers exhibiting nonlinear elasticity.

Rubber is a highly nonlinear elastic medium. In the unstressed
compliant state, the molecules are coiled and tangled, but under stress the
molecules align and the material stiffens noticeably. Experiments carried out on
rubber-metal laminates demonstrate the size of the nonlinearity. Young's
modulus (E = 1/s1111) was measured for a multilayer laminate consisting of
alternating steel shim and soft rubber layers each 0.1 mm thick. Under

compressive stresses of 200 MN/m?, the stiffness is quadrupled from about 600
to 2400 MN/m2. The resonant frequency f is therefore double, and can be
modulated by applied stress.

Rubber, like most elastomers, is not piezoelectric. To take advantage of
the clastic nonlinearity, it is therefore necessary to construct a composite
transducer consisting of a piezoelectric ceramic (PZT) transducer, thin rubber
layers, and metal head and tail masses, all held together by a stress bolt.

The resonant frequency and mechanical Q of such a triple sandwich
structure was measured as a function of stress bias. Stresses ranged from 20 to
100 MPa in the experiments. Under these conditions the radial resonant
frequency changed from 19 to 37 kHz, approximately doubling in frequency as
predicted from the elastic nonlinearity. At the same time the mechanical Q
increases from about 11 to 34 as the rubber stiffens under stress.

The changes in resonance and Q can be modeled with an equivalent
circuit in which the compliance of the thin, rubber layers are represented as
%cimcoupﬁngmgemqthehrgamasses(menwdasindmrs)ofthe

transducer and the metal head and tail masses. Under low stress bias, the
rubber is very compliant and effectively isolates the PZT transducer from the head
and tail masses. At very high stress, the rubber stiffens and tightly couples the
metal end pieces to the resonating PZT ceramic. Ior intermediate stresses the
rubber acts as an impedance transformer giving parallel resonance of the PZT -
rubber - metal -radiation load.

It is interesting to compare the change in frequency of the tunable

transducer with the transceiver systems used in the biological world. The
biosonar system of the flying bat is similar in frequency and tunability to our
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tunable transducer. The bat emits chirps at 30 kHz and listens for the return
signal to locate flying insects. To help it differentiate the return signal from the
outgoing chirp, and to help in timing the echo, the bat puts an FM signature on
the pulse. This causes the resonant frequency to decrease from 30 to 20 kHz near
the end of each chirp. Return signals from the insect target are detected in the ears
of the bat where neural cavities tuned to this frequency range measure the time
delay and flutter needed to locate and identify its prey. Extension of the bat
bg:spnar principle to automotive, industrial, medical and entertainment systems is
obvious.

PIEZOELECTRIC NONLINEARITY: TUNING THE
ELECTROMECHANICAL COUPLING COEFFICIENT

The difference between a smart and a very smart material can be
illustrated with piezoelectric and electrostrictive ceramics. PZT (lead zirconate
titanate) is a piezoelectric ceramic in which the ferroelectric domains are aligned in
a poling field. Strain is linearly proportional to electric field in a piezoelectric
material which means that the piezoelectric coefficient is a constant and cannot be
electrically tuned with a bias field. Nevertheless it is a smart material because it
can be used both as a sensor and an actuator.

PMN (lead magnesium niobate) is not piezoelectric at room temperature
because its Curie temperature lies near O°C. Because of the proximity of the
ferroelectric phase transformation, and because of its diffuse nature, PMN
ceramics exhibit very large electrostrictive effects. The nature of this large
nonlinear relationship between strain and electric field, and of its underlying
atomistic origin, will be described later.

Electromechanical strains comparable to PZT can be obtained with
electrostrictive ceramics like PMN, and without the troubling hysteretic behavior
shown by PZT under high fields. The nonlincar relation between strain and
electric field in electrostrictive transducers can be used to tune the piezoelectric
coefficient and the dielectric constant.

The piezoelectric 933 coefficient is the slope of the strain-electric field
curve when strain is measured in the same direction as the applied field. Its value
for Pb (Mgo 3Nbg ¢Tig.1) O3 ceramics is zero at zero field and increases to a
maximum value of 1300 pC/N (about three times L: rger than PZT) under a bias
field of 3.7 kV/em.

This means that the electromechanical coupling coefficient can be tuned
over a very wide range, changing the transducer from inactive to extremely active.
The dielectric constant also depends on DT bias. The polarization saturates under
high fields causing decreases of 100% or more in the capacitance. In this way the
electrical impedance can be controlied as well.
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Electrostrictive transducers have already been used in a number of
applications including adaptive optic systems, scanning tunneling microscopes,
and precision micropositioners.

To summarize, two types of nonlinearity are utilized in the fully tunable
transducer: elastic nonlinearity and piezoelectric nonlinearity. By incorporating
thin rubber layers in an electrostrictive transducer several important ies can
be optimized with bias fields and bias stresses. Electromechanical coupling

cients and electric impedance are tuned with electric field, and mechanical
damping, resonant frequency, and acoustic impedance with stress bias.

RELAXOR FERROELECTRICS

In the three remaining sections we consider the atomistic origin of
nonlinear behavior in ceramics. The magnesium - niobium distribution in PMN
ceramics have been studied by transmission electron microscopy. Images formed
from superlattice reflections show that the size of the regions with 1:1 ordering is
approximately 3 nm (=30A). The ordered regions are small islands separated by
narrow walls of niobium - rich PMN.

A simple energy argument explains the scale of the ordered regions.
The chemical formula of PMN can be divided into 1:1 ordered regions with
niobium-rich coatings as follows:

Pb3MgNb20g = (Pb,MgNbOg)" + (PbNDO3)*

assuming all ions have their usual valence states, the ordered regions will be
negatively charged and the coatings positive. The ordering must therefore be on a
very fine scale in order to minimize coulomb energy.

A cubes model is adopted to estimate the size of ordered islands. Let
each island be a cube n unit cells on edge. Then there will be n3/2 Mg atoms and
n3/2 Nb atoms within the island. This means that n3/2 Nb atoms are excluded
from the island because the Mg:Nb ration is 1:1 in the ordered island and 1:2 in
the chemical formula. We assume the excluded niobiums form a thin monolayer
coating on the cubes then n3/2 = 3n2, where 3n2 is the number of surface atoms
per cube, neglecting edges and comners. By keeping the coating as thin as
possible, charge is neutralized on a local scale, and electrostatic energy is

Solving the equation gives n=6, or 24A, surprisingly close to the 30A
observed by TEM. It is also interesting to compare this result with the behavior
observed of small ferroelectric particles. X-ray studies of very fine-grained
PbTjO3 show that the polar tetragonal phase becomes unstable below about
2001. the so-called ferroelectric - superparaclectric transformation. Relaxor
ferroelectrics like PMN exhibit many of the characteristics of superparaclectric
solids where the dipole moments are strongly coupled to one another, but not to a
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crystallographic axis. The coupled electric dipoles oscillate in orientation and
respond readily to applied fields giving rise to large dielectric constants and
massive electrostriction coefficients.

SEVEN MISCONCEPTIONS ABOUT ELECTROSTRICTION

Perhaps the best way to describe the basic features of nonlinear physical
properties is to first dispel some of the common misconceptions. Some of the
key ideas are described in this section using electrostriction as an example.

Misconception #1: Electrostrictive strain is proportional to the square of the
clectric field.

When an electric field E is applied to an insulator it develops a polarization

P and a strain €. In tensor notation the strain can be written as a power series in E
orinP.

(1) &j = djxEx + Mjj ExE1 +. . ..

(2) &jj=dipPx + Qija PkP1+....

The first term in both equations represents piezoelectricity, the second
electrostriction. Piezoelectricity is a third rank tensor property found only in
noncentrosymmetric materials. It is absent in most ceramic materials, but
electrostriction is not. The electrostriction coefficients Mjixi or Qjjxi constitute a
fourth rank tensor which, like the elastic constants, are found in all materials,
regardless of symmetry. In the discussion which follows, we deal -vith
centrosymmetric media for which the piezoelectric coefficients are zero.

Returning to equations (1) and (2), which of these equations is the correct
way to describe electrostriction, or can both be used? For normal low ittivity
materials, the polarization P is proportional to the applied electric field E, and
therefore both expressions are correct, bat for high permittivity solids only one is
correct. Under high fields, the polarization saturates in high permittivity
materials, especially in ferroelectric ceramics just above T, the Curie
In capacitor dielectrics, it is not unusual to observe a decrease in dielectric
constant of 100% under high electric fields. In this situation P is not proportional
to E, and therefore electrostrictive strain cannot be proportional to both E2 and P2,

When strain is plotted as a function of electric field for PMN-PT, a
typical electrostrictive transducer ceramic, it is not jroportional to E2 except for
small fields where the shape is parabolic. When plotted as function P2, a straight
line is obtained for the e(P2) relationship. Therefore the correct way to formulate
electrostriction is




3) &ij = QiuPxP1] GdJ. k, 1=1,2,3)

The Mijx cocfficieats in eq. (1) are not good constants except in linear dielectrics.

It is instructive to convert the fourth rank tensor coefficients to the more
manageable matrix form

@) &=QiP? (Gj=1-6)
When written out in full for cubic point group m3m, this becomes

el Qi 2 20 O O P2
& Q2 Q1 2 0 O O P2
(€)] 8 = WU WO 0 O P32
& O O 0 QuO O P2P3
€s O O 0O O Qs O P3P;
& O O O O O Qu P1P2

In this expression €}, €2 and €3 represent tensile strains along the [100], [010],

and [001] axes, respectively. €4, €5 and €¢ are shear strains about the same three
axes.

To understand the structure-property relationship underlying
electrostriction, it is helpful to visualize the atomistic meaning of coefficients Q1,
Q12, and Qq4. The high temperature structure of PbTiO3 is pictured in Fig. 1 a.
Lead ions are located at the corners of the cubic unit cell, titanium ions at the
body-centered position, and oxygens at the face-center positions.

When an electric field is applied along (100}, polarization component Py
develops along the same axis. This in turn causes the unit cell to elongate by an

amount Aa, and the resulting tensile strain is €; = Aa/a. Electrostrictive

coefficient Q is equal to €)/P32. The drawing ir Fig. 1b makes it clear why
electrostrictive strain is proportional to electric polarization rather than electric
field. Polarization and strain are both controlled by atomic displacement.

) The atomistic meaning of Q12 and Qg4 are pictured in figs. 1cand 1d,
respectively.
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Misconception #2. Large voltages are required to observe electrostriction.

This misconception arises from the fact that historically, the first
electroceramics were high voltage insulators made from low permittivity oxides
such as porcelain, glass, steatite, and alumina. To prevent breakdown, the
insulators were fabricated in large sizes, typically with 1-10 cm separation
between electrodes. Under these conditions the voltages required to induce
gleasmble electrostriction are huge, but the picture has changed in the last

Two factors have made the difference: sma'ler electrode separation and
higher permittivity. The introduction of thin and thick film technology, together
with tape-casting, has reduced the thickness of the dielectric constants to less than
50 um with corresponding increases in the electric field levels. Fields of
megavolts/meter are common under these circumstances. At the same time, new
fetroelectric ceramics with dielectric constants in excess of 10,000 have raised the
polarization levels to new heights, further contributing to electrostriction strain.
As a result, strains of 10-3 to 10-2 are observed with relatively modest voltages.

Misconception #3 Electrostriction coefficients are about the same size for all
materials.

Misconception #4 Electrostriction coefficients are largest in ferroelectric solids
with high dielectric constants.

Q11 coefficients measured for normal oxides are several orders of
magnitude or more larger than those of ferroelectrics.

, Q1 (m*C?)
Silica +12.8
Barium Titanate +0.11
Lead Magnesium Niobate +0.009

Misconception #5 Materials with large electrostrictive coefficients produce the
biggest strains.

The Q coefficients are largest for non-ferroelectrics but relaxor
ferroelectrics like PMN have the largest strains. The following table lists typical
values of the electrostriction coefficients Q, the dielectric constant K, and

electrostrictive strain € computed for a field of 1 MV/m.

Q K £
non-ferroelectric ~10 ~10 ~10"7
normal ferroelectric ~10-1 ~103 ~10-5
relaxor ferroelectric ~10-2 ~104 ~104
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Note that the product QK~100 m?%/C?2 is approximately a constant for all
three classes. To see why this is so, consider the following argument based on
the atomistic models in Fig 1.

Under the action of an applied electric field, the cations and anions in a
crystal structure are displaced in opposite directions by an amount Ar. It is this
displacement which is responsible for electric polarization (P), the dielectric
constant K, and the electrostrictive strain €. To a first approximation, all three are
proportional to Ar. The electrostriction coefficient O is therefore proportional to
1/K:

E_(r) 1 1

;2' (Ar)z-Ar K

This means then, that QK is approximately constant, as indicated earlier.
Materials with high permittivity have small electrostriction coefficients but large
electrostrictive strain.

Q=

Misconception #6. Unlike piezoelectricity there is no converse electrostriction
effect.

In the direct piezoelectric effect an applied mechanical stress Gy} produces
an electric polarization P; = djix ok1. The converse effect relates mechanical
strain to applied electric field, &;; = djjx Ex- The piezoelectric coefficients djjx are
identical in the direct and converse effect because both originate from the same
term in the fill energy function:

F=....+dijkPi0'jk+....
Electrostriction and its converse effects arise from the free energy term
F=....+QuPiPjon+....

Taking the partial derivatives in different order leads to three equivalent
effects. The first is the normal electrostriction effect, the variation of strain with
polarization:

Pe,

o (9 (JF ))=—-,—-—=
3’7 (c?P] kadk’ 3}-; an 7]
The second is the stress dependence of the dielectric stiffness Bj;, better known as
the reciprocal electric susceptibility:
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The third effect is the polarization dependence of the piczoelectric voltage

cocfficient gjxi:
2 (2 (2F \\. ___ag"’ =
BPl 30’” aPl 3F; %
Thus there are two converse effects for electrostriction, and there are three ways

of evaluating the electrostrictive coefficients.

The three effects are used in three different applications: (1) the
electrostrictive micropositioner, (2) a capacitive stress gauge, and (3) a field-
tunable piezoelectric transducer.

Misconception #7 Thermal expansion effects make electrostrictive
micropositoners and stress gauges impractical.

This is true for normal oxide insulators but not for relaxor ferroelectrics.
For a normal oxide such as silica, the electrostrictive coefficieat Q~10m2/C2, the
dielectric constant K~10, and the thermal expansion coefficient a~10-5K-1. For
such a material the strain produced by an electric field of 1 MV/m is about 10-7,
which is equivalent to a temperature change of only 10-2 degrees. This would

pose severe problems in an actuator or micropositioner, but the situation is quite
different for a ferroelectric. b

For PMN, Q ~ 102, K ~ 104 and & ~ 10-6K-1. Therefore the
electrostrictive strain for a field of 1 MN/m is about 10-3 which is equivalent to a
temperature rise of 1000°! Relaxor ferroelectrics sometimes have an abnormally
low thermal expansion coefficient near the diffuse phase transformation where the
dielectric constant and the electrostrictive strain are unusually large.
Micropositioners made from ferroelectric ceramics are not troubled by small
variations in temperature.

ORIGINS OF NONLINEARITY

What do nonlinear materials have in common? The passively-smart PTC
thermistor and ZnO varistor have grain boundaries a few am thick, insulating
barriers that can be obliterated by the polarization charge accompanying a
ferroelectric phase transformation, or, in the case of the varistor, insulating
boundaries so thin they can be penetrated by quantum mechanical tunneling.
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Small size is also key factor in the nonlinear behavior of semiconductors.
The thin gate region in a transistor allows charge carriers to diffuse through
unimpeded. The p-region in an n-p-n transistor is thin compared to the diffusion
length in single crystal silicon. Similar size-related phenomena are observed in
quantum well structures made from GaAs and Ga).xAlxAs. Planar structures
with nm-thick layers show channeling behavior of hot electrons in clear violation
of Ohm's law. Current - voltage relationships are highly nonlinear in many
submicron semiconductor structures. Ohm's law is a statistical law which relies
upon the assumption that the charge carriers make a sufficiently large number of
collisions to enable them to reach a terminal velocity characteristic of the material.
When the size of the conduction is sufficiently small, compared to the mean free
path between collisions, the statistical assumption t reaks down, and Ohm's law
is violated.

Nonlinear behavior is also observed in thin film insulators where even a
modest voltage of 1-10 volts can result in huge electric fields of 100 MV/m or
more. This means that thin film dielectrics experience a far larger field than do
normal insulators, and causing the polarization to saturate and electric permitivity
to decline. Because of the high fields, electric breakdown becomes a greater
hazard, but this is partly counteracted by an increase in breakdown strength with
decreasing thickness. This comes about because the electrode equipotential
surfaces on a thin film dielectric are extremely close together, thereby eliminating
the asperities that lead to field concentration and breakdown.

The influence of nanometer-scale domains on the properties of relaxor
ferroelectrics has already been made plain. Here the critical size parameter is the
size of the polarization fluctuations arising from thermal motions near the brood
ferroelectric phase transformation in PMN and similar oxides. The ordering of
Mg and Nb ions in the octahedral site of the PMN structure results in a chemical
inhomogeneous structure on a nm-scale, and this, in turn, influences the size of
the polarization fluctuations. Tightly coupled dipole:: within each Nb-rich portion
of this self-assembling nanocomposite behave like a superparaelectric solid. The
dipoles are strongly coupled to one another but not to the crystal lattice, and thus
they reorient together under the influence of temperature or electric field. this in
turn causes the large electric permittivities and large electrostrictive effects found
in relaxor ferroelectrics.

The importance of nanometer-scale fluctuations and the instabilities
associated with phase transformations is also apparent in the nonlinear elasticity
of rubber and other polymeric materials. The thermally-assisted movement of the
randomly oriented polymer chains under tensional stress results in large
compliance coefficients, but rubber gradually stiffens as the chains align with the
stress into pseudo-crystalline regions. The increase in stiffness with stress gives
rise to sizeable third order elastic constants in many amorphous polymers. The
effect depends markedly on temperature. On cooling, to lower temperatures
rubber and other amorphous polymers transform from a compliant rubber-like
material to a brittle glass-like phase which is of little use in nonlinear devices.




Nonlinear behavior is also observed in magnetic and optical systems.
Superparamagnetic behavior, analogous to the sunerparaelectric behavior of
relaxor ferroelectrics, is found in spin glasses, fine powder magnets, and
magnetic cluster materials. As in PMN, the magnetic dipoles are strongly coupled
to one another in nanometer-size complexes, but are not strongly coupled to the
lattice. Superparamagnetic solids display nonlinear magnetic susceptibilities and
unusual "AE" effects in which Young's modulus E can be controlled by magnetic
field. The effect is especially large in metallic glasses made from Fe-Si-B-C
;HLZI}:I& The cluster size in spin glasses is in the nanometer range like those in

Lead lanthanum zirconate titanate (PLZT) perovskites can be prepared as
transparent ceramics for electrooptic modulators. Quadratic nonlinear optic
behavior are observed in pseudocubic regions of the phase diagram which show
relaxor-like properties.

In summary, the nonlinear properties of electroceramics are often
associated with nanometer-scale structure and diffuse phase transformations.
Under these circumstances the structure is poised « n the verge of an instability
and responds readily to external influences such as electric or magnetic fields, or
mechanical stress.

The ready response of nonlinear ceramics allows the properties to be
tuned in space or time to optimize the behavior of the sensor-actuator systems
referred to by some as "very smart ceramics.”
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DISCUSSION

P. Davies: Concerning the relaxor ferroelectric with cation ordering in the nanodomains,
the charge imbalance between the ordered and disordered regions bothers me a little bit.
Are we sure there are no oxygen deficiencies in these domains? Why are the ordered
domains stable?

R._Newnham: Well, that’s a good question. If you examine various ordered
configurations, say by model-building, you find the one-to-one pattern goes together very
nicely because there are six unit cells around each perovskite unit cell, making it easy to
pair things off. If you try, two-to-one ordering corresponding to the overall composition,
you find it is necessary to position niobium ions in neighboring octahedral sites. This
violates Paulings electrostatic valence rule and leads to charge imbalance on the atomic
scale.

What I'm pointing out is that if you look at other possible ordering schemes there are
problems with them, too, so it comes down to which is least unfavorable.

P. Davies: Are we sure there are no oxygen deficiencies in the domains?

R. Newnham: Well, I'll let Prof. Smyth comment on that, but I can tell you that these
relaxors are excellent insulators which will withstand very high voltages, and I think if
there were a lot of oxygen vacancies which were present we would be seeing conduction
and degradation phenomena which are not observed.

D. Smyth: Well, that’s a question of continuity. You might have some motion within
the domain, but whether it would transport throughout the eatire system, I don’t know.
I don’t think we have any direct evidence on that because it is difficult to probe these
very small areas.

D.Kolar: What is the effect of grain size?

R._Newnham: The samples we have prepared have normal grain sizes on the micron
scale. There have been studies of small grain sizes in ferroelectric ceramics and studies
of nanocomposite materials showing transitions from the multidomain regime, to single
domain, and to the superparaelectric regime. You have to ask in what temperature range
and in which size regime are you operating. In the high temperature regime, the
electrostrictive material behaves like a normal paraelectric, then on cooling, there is a
broad diffuse phase region with relaxor phenomena, and then at low temperatures it is a
normal ferroelectric with normal domain structure. Then PMN behaves pretty much like
other ferroelectrics, but it is this broad diffuse range which comes about because of
nanometer scale structure, and which we think is analogous to similar phenomena
observed when ferroelectrics are prepared in very small particle sizes. This is what is
often called superparaelectricity with very large dielectric constants and very large
electrostrictive effects.
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Composite Electroceramics®

Composite materials have found a number of structural
applications, but their use in the electronics industry
has been relatively limited. As the advantages and disad-
vantages of electroceramic composites are better under-
stood, we can expect this picture to change.

In this article we review some of the basic ideas un-
derlying compaosite electroceramics: sum and product
properties, connectivity patterns leading to field and
force concentration, the importance of periodicity and
scale in resonant structures, the symmetry of composite
materials and its influence on physical properties, poly-
chromatic percolation and coupled conduction paths in
composites, varistor action and other interfacial effects,
coupled phase transforrnation phenomena in compos-
ites, and the important role that porosity and inner sur-
face area play in many composites.

Sum and Product Properties

The basic ideas underlying sum and product properties
were introduced by Van Suchtelen (1). For a sum prop-
erty, the composite property coefficient depends on the
corresponding coefficients of its constituent phases.
Thus the stiffness of a composite is governed by the elas-
tic stiffnesses of its component phases.

Product properties are more complex and more inter-
esting. The product properties of a composite involve
different properties in its constituent phases, with the
interactions between the phases often causing unex-
pected results. In a magnetoelectric composite, for in-
stance, the magnetostrictive strain in one phase creates
an electric polarization in an adjacent piezoelectric
phase. Examples of sum and product phases are de-
scribed in the following sections.

Sum Properties

The dielectric constant will be used to illustrate a simple
sum property. Series and parallel mixing rules for the
dielectric constant are shown in Figure 1. The mixing
rules involve only the dielectric constants K, and K; of
the two phases and their volume fractions v, and vy.
When plotted as a function of composition, the dielectric
constant of the composite, K, decreases smoothly from
K, to its minimum value at Kg.

The series and parallel models represent extremes for
the mixing rules. Maximum values are obtained with
parallel mixing, and minimum with the series case.
There are, of course, other mixing rules that lie between
these extremes.

. Two examples of dielectric composites are illustrated
in Figures 2 and 3. The microwave foamed glass in Figure
2 has an extremely low dielectric constant. By introduc-
ing 60 vol % porosity in a lithium aluminum silicate

* Reprinted from Journal of Materials Education, 7, 60 11985).

ReviK *vgK,

PARALLEL

A VOLUME FRACTION 8

FIGURE 1 Dielectric constant plotted as a
function of composition for series and paral-
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FIGURE 2 Dielectric constant of a porous
glass used in microwave lead-through seals.
(From Ref. 2.)
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FIGURE 3 Composite capacitor dielectric
consisting of BaTiO, grains in a NaNbO,; ma-
trix. The dielectric constant shows relatively
little variation with field.




glass, its dielectric constant is reduced from 5.6 to 2.1 [2).
Decreasing the dielectric constant increases the speed of
electromagnetic waves traveling along conducting wires
embedded in the composite. The speed is doubled by
replacing alumina (K ~ 9) with porous glass (K ~ 2).

Composite ceramics are also useful in high voltage
applications. The dielectric constant of BaTiO; multi-
layer capacitors decreases substantially under high volt-
age fields, often by 100% or more. This is normal behav-
ior for ferroelectric materials where the polarization
saturates, but antiferroelectric substances such as
NaNbQ, behave differently. The dielectric constant of so-
dium niobate is nearly independent of bias field (Fig. 3),
as its metastable ferroelectric structure begins to influ-
ence the permittivity under high fields.

Capacitor compaositions with enhanced permittivity at
high fields have been manufactured from composites
made from BaTiO, and NaNbO, [3). Fast-firing a mixture
of BaTiO, and NaNbQ; causes the NaNbO; to melt and
coat the grains of BaTiO,, producing a composite struc-
ture with ferroelectric grains and antiferroelectric grain
boundaries. By adjusting the composition and firing
schedule, a capacitor with field-independent permittiv-
ity is produced. Coating the grains with NaNbO, pre-
vents growth of the BaTiO; grains, further enhancing the
dielectric properties of the composite, and causing it to
exceed both component phases at high voltages.

Combination: Properties

For simple mixing rules, the properties of the composite
lie between those of its constituent phases. This is not
true for combination properties, which involve two or
more coefficients. Poisson’s ratio is a good example of a
combination property since it is equal to the ratio of two
compliance coefficients. As is well known, some com-
posite materials have extremely small values of Poisson's
ratio, smaller than those of the materials used to make
the composite.

Another example of interest in electronic applications
is the acoustic wave velocity, which determines the reso-
nant frequency of piezoelectric devices. For a long, thin
rod, the velocity of waves propagating along the length of
the rod is v = (E/pi»?, where E is Young's modulus and p
is the density. Fiber-reinforced composites often have
very anisotropic wave velocities. Consider a compliant
matrix material reinforced with parallel fibers. Long, thin
rods fashioned from the composite have different prop-
erties when the fibers are oriented parallel or perpendic-
ular to the length of the rod. Much faster wave velocities
are measured for longitudinal orientation than for trans-
verse orientation of the fibers (Fig. 4). For the longitudinal
case:

(Eq = Emlvi + Em
pr = PVt + P,

vy, =

and for transverse fibers:

_ Eni1 + 2nvy
'Z Npa + o = pultl = nvp
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FIGURE 4 Speed of stress waves in com-
posite materials made from steel filaments in
epoxy. Waves traveling parallel to the fila-
ments travel faster than transverse waves; the
transverse waves are slower than waves in the
pure epoxy matrix. (From Ref. 4.)

where E; and E,, are the Young’s modulus values for the
fibers and matrix, respectively, pr and pn, are the densi-
ties, v; is the fiber volume fraction, and

_ \EVEq) = 1
" T EVE) + 2

Experimental data {4) for composites made from steel
filaments embedded in epoxy conform closely to the
equations for v and v,. Note that v;, the wave velocity for
waves traveling transverse to the fibers, is less than the
velocity in both epoxy and steel, the two phases that
make up the composite. The slowness of this wave is
caused by the fact that density and stiffness depend dif-
ferently on volume fraction. This difference in mixing
rules for E and p causes the combination property v, to
lie outside the range of the end members. The longitudi-
nal wave v, behaves more normally. In this case E and p
follow the same mixing rule and the values for v, lie
between those of the end members.

Another example of unusual wave behavior occurs in
compeosite transducers made from poled ferroelectric -
bers embedded in an epoxy matrix [S). When driven in
thickness resonance, the regularly spaced fibers excite
resonance modes in the polymer matrix, causing the
matrix to vibrate with much larger amplitude than
the piezoelectric fibers. The difference in compliance
coefficients causes the nonpiezoelectric phase to re-
spond far more than the stiff ceramic piezoelectric. Com-
posite materials are therefore capable of mechanical
amplification.
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TABLE 1
Examples of Product Properties

Property of Property of Composite Product

Phase 1 Phase I Property

Thermal expansion Electrical conductivity Thermistor
Magnetostriction Piezoelectricity Magnetoelectricity
Hall effect Electrical conductivity Magnetoresistance
Photoconductivity Electrostriction Photostriction
Superconductivity Adiabatic demagnetization Electrothermal effect
Piezoelectricity Thermal expansion Pyroelectricity

Product Properties

A product property utilizes different properties on the
two phases of a composite to produce yet a third prop-
erty through the interaction of the two phases. By com-
bining different properties of two or more constituents,
surprisingly large product properties are sometimes ob-
tained with a compaosite. Indeed, in a few cases, product
properties are found in composites that are entirely ab-
sent in the phases making up the composite. Table 1 lists
a few of the hundreds of possible product properties,
several of which are described in the following para-
graphs.

In the magnetoresistive field plate developed by Weis
[6]. a composite of InSb and NiSb is directionally solidi-
fied to form parallel NiSb needles in an InSb matrix. A
long rectangular segment of the composite is electroded
across the ends, with the NiSb fibers parallel to the elec-
trodes and transverse to the length of the composite (Fig.
§5). InSb is a semiconductor with a large Hall effect, and
NiSb is metallic with large electrical conductivity.

When an electric current fiows along the length of the
bar, and a2 magnetic field is applied perpendicular to the
current and perpendicular to the NiSb needles, the cur-
rent is deflected because of the Hall effect. Normally this
would result in an electric field transverse to the current
and the magnetic field, but the NiSb needles short out
the field. Electric current continues to be deflected as
long as the magnetic field is present. The resulting prod-
uct property is a large magnetoresistance effect.

inSb MATRIX

MAGNETIC FIELD

FIGURE 3 Magnetoresistive field plate
made from indium antimonide and nickel an-
timonide. The plate is used as a magnetic
field sensor and a noncontacting variable re-
sistor.

A second example of a product property is the super-
conducting stabilizer developed by W. N. Lawless [7). The
superconducting cable made of Nb,Sn is sheathed with a
paramagnetic ceramic of CdCr,;0,. Temperature fluctua-
tions cause portions of the superconducting cable to
revert to normal metallic behavior, thereby decreasing
the superconducting electric current and the surround-
ing magnetic field it generates. The decrease in magnetic
field demagnetizes the paramagnetic CdCr,0, and
lowers its temperature. This in tum cools the Nb,Sn ca-
ble, causing it to return to the superconducting state
{Fig. 6).

A magnetoelectric composite made from ferroelectric
BaTiO; and ferrimagnetic cobalt titanium ferrite has
been studied by scientists from Philips Laboratory [8,9). A
dense intimate mixture of the perovskite and spinel-
structure phase was obtained by directional solidifica-
tion, and then electrically poled to make the BaTiO,
phase piezoelectric (Fig. 7). When a magnetic field is ap-
plied to the composite, the ferrite grains change shape
because of magnetostriction. The strain is passed along
to the piezoelectric grains, resulting in an electrical po-
larization. Magnetoelectric effects a hundred times
larger than those in Cr,0, are obtained this way. Subse-
quent research (10) has led to the development of a
broadband magnetic field probe with an exceptionally
flat frequency response up to 650 kHz.
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FIGURE 6 Superconducting wire of NbySn
surrounded by a paramagnetic sheath of
CdCr,0,.
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FIGURE 7 Magnetoelectric transducer
making use of the magnetostrictive effect of a
ferrite mechanically coupled to piezoelectric
barium titanate.

Transport Properties of Composites

Conductor-filled composites are discussed in this sec-
tion, emphasizing the importance of percolation in ran-
dom and segregated mixes. Differential thermal expan-
sion between matrix and filler sometimes leads to
remarkable variations in resistance with temperature.
Composite PTC thermistors and humidity sensors based
on these ideas are described in this section.

Percolation and Segregated Mixing

Some of the principles can be illustrated with the work
on wax-graphite composites carried out by Rajagopal
and Satyam [11). After melting the wax, the graphite par-
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FIGURE 8 Electrical conductivity of wax-
graphite composites plotted as a function of
composition. Critical volume fraction for per-
colation is determined by extrapolating the
conduciivity to zero. (From Ref. 11.)
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ticles are stirred in and the composites pressed to re-
move porosity. Graphite grains 45 to 215 um in size were
used in the study. A typical variation of conductivity with
composition is shown in Figure 8. At approximately 20
vol % graphite, the resistance decreases rapidly as the
graphite particles begin to contact one another. This crit-
ical volume fraction v, is referred to as the percolation
limit, and is evaluated by plotting conductivity on a lin-
ear scale versus volume fraction conducting filler (Fig. 8).
The electrical conductivity of composites rich in filler is
controlled by contacting graphite particles, whereas be-
low the percolation limit the conductivity is controlied
by the polymer. Near the percolation limit the conductiv-
ity is controlled by thin polymer layers between graphite
particles. As shown in Figure 8, the critical volume frac-
tion for 45 um graphite particles is smaller than that for
215 um particles.

The smaller particles show segregated mixing. The
effect of particle size on mixing is illustrated in Figure 9,
which compares the situations when the conducting
particles are comparable in size to the insulating parti-
cles, and when the conducting particles are much
smaller than the insulating particles. Percolation re-
quires a larger volume fraction when the two types of
particles are comparable in size. When the conducting
particles are small, they are forced into interstitial re-
gions between the insulating particles; this forces the
conducting particles into contact with one another, re-
sulting in a low percolation limit.

These ideas are bomne out by experiments on copper
particles embedded in a matrix of polyvinyl chloride [12).
Figure 10 shows the resistivity of Cu-PVC composites
plotted as a function of volume fraction of copper. The
critical volume fraction decreases markedly when the Cu
particles are far smaller than the polymer particles.
When the size ratio is 351, the critical volume percent is
only 4% Cu. This highly segregated mixing establishes
contact between conducting copper particles at a very
low ratio of conductor to insulator.
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FIGURE 9 Mixing of (a) equal-size particles

and (b) large and small particles. The percola-
tion limit is smaller when the conducting
particles are segregated into interstitial sites
between larger insulating particles.
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FIGURE 10 Resistivity of Cu-PVC compos-
ites for several size ratios of PVC-Cu parti-
cles. Percolation occurs easily when the Cu
particles are small and concentrated in grain

boundary regions. (From Ref. 12.)

Composite Thermistors

A second interesting effect is the dependence of electri-
cal resistance on temperature. PTC thermistors are char
acterized by a positive temperature coefficient of electri-
cal resistance. Doped barfum titanate (BaTiO;) has a
useful PTC effect in which the resistance undergoes a
sudden increase of four orders of magnitude just above
the ferroelectric Curie temperature (130°C). The PTC ef-
fect is caused by insulating Schottky barriers created by
oxidizing the grain boundary regions between conduct-
ing grains of rare earth—-doped BaTiO,;.

Similar PTC effects are observed when polymers are
loaded near the percolation limit with a conducting
filler. The Polyswitch overload protector (13]) is made
from high density polyethylene with carbon filler. At
room temperature the carbon are in contact,
giving resistivities of only 1 fl.cm, but on heating the
polymer expands more rapidly than carbon, pulling the
carbon grains apart and raising the resistivity. Polyethyl-
ene expands very rapidly near 130°C, resulting in a pro-
nounced PTC effect comparable to that of BaTiO,. A
rapid increase in resistivity of six orders of magnitude
occurs over a 30° temperature rise (Fig. 11).

As pointed out by Doljack (13), the carbon—polyethyl-
ene PTC thermistor has several advantages over BaTiO,:
(a) the room resistivity is lower, (b) it shows PTC behavior
at high temperature, (c) the resistance is insensitive to
voltage, and (d) the device has good thermal shock resis-
tance. The principal drawback with Polyswitch compos-
ites seems to be the slow recovery time. Several hours are
required for the resistance to return to within 10% of its
initial value at room temperature. The slow recovery of
base resistance is caused by polymer melting followed
by secondary recrystallization and gradual reformation
of the carbon black chains responsible for conduction.
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COMPOSITE
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4 CERAMIC
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FIGURE 11 Comparison of the PTC effects
in BaTiO; and carbon-palyethylene compos-

ites. The PTC effect is caused by the volume
expansion of the polyethylene during an
amorphous-crystalline vhase transforma-
tion.

Similar, but Jess dramatic, changes in resistivity are
observed in wax~graphite composites, where a threefold
increase in resistivity occurs over a 20°C temperature rise
{11). Not all composites show a PTC effect, however.
Magnetite—alumina composites (14]) made by arc plasma
spray possess NTC behavior with a decrease of four or-
ders of magnitude in resistivity on heating from 100° to
300 K For composites containing 60 vol % Fe,O,, the
magnetite particles remain in contact throughout the
temperature range.

Combined NTC-PTC composites have also been con-
structed [15]. Vanadium sesquioxide (V,0,) has a metal-
semiconductor transition near 160 K with a large in-
crease in conductivity on heating (16). This material can
be incorporated in a composite by mixing V;0, powder
in an epoxy matrix. The filler particles are in contact at
Jow temperatures and exhibit an NTC resistance change
similar to that observed in V,0, crystals and single-phase
ceramics. On heating above room temperature, the poly-
mer matrix expands rapidly, pulling the V,0, grains
apart and raising the resistance by many orders of mag-
nitude. This produces a PTC effect similar to that in the
Polyswitch composite. The net result is an NTC-PTC
thermistor with a conduction “window"” in the range
—100°C to +100°C. This is a good example of the use of
coupled phase transformations in composites.

Many interesting experiments remain to be done us-
ing electroceramic fillers in polymer matrices. In addi-
tion to the conductor particles just discussed, there are
interesting combinations of piezoelectric (e g., [17)), mag-
netic, pyroelectric, ferroelectric, varistor, thermistor, and
insulator fillers to be explored.

Porous Composites

Composite humidity sensors have been synthesized by
loading lithium fluoride with alumina {18). Differential
thermal contraction of the LiF matrix and AlLO, filler
causes internal microcracks to open within the compos-
ite. The electrical resistance of this material is very sensi-
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FIGURE 12 Electrical resistance of Al,0;-LiF composites used as hu-

midity sensors.

tive to humidity (Fig. 12). Moisture penetrates into the
microcracks, affecting the surface resistance. Conduc-
tion probably occurs by the Grotthus mechanism (H,0*
(==) H,0 + H*) at low humidity levels, and by Li* ion
conduction in adsorbed water layers at high humidity.
In any case, the ceramic alumina particles play an inter-
esting role in the composite: their presence initiates the
microcracking responsible for increased surface conduc-
tion.

Composite gas sensors have been constructed on sim-
ilar principles (19). The addition of Al;O4 to ZnO ceramics
stabilizes a porous microstructure ideal for adsorption-
desorption-type gas sensors. The porous texture en-
hances the electrical conductivity to such an extent that
the sensitivity to flammable gases is adversely aflected,
but soaking the porous structure in a lithium-containing
solution increases the resistivity, resulting in a reproduc-
ible gas sensor sensitive to methane, propane, and other

n gases.

As pointed out by Yanagida {20, interactions between
two different materials can give rise to very unusual phe-
nomena. Dispersing a basic refractory (MgCr:0¢) in an
acid refractory (TiO,) produces a compaosite humidity
sensor suitable for monitoring cooking in electric ovens.

Contacts between p- and n-type ceramic grains are
also sensitive to humidity [21). The J-V characteristics of
ZnO (n-typel and NiO (p-type} junctions change mark-
edly with humidity and exposure to flammable gases.

Another interesting composite in which the ceramic
filler plays an indirect role is the metal-ceramic contacts
used for high current switches (22). In one type, cad-
mium oxide particles are embedded in a silver metal
matrix. Large switching currents sometimes cause local-
ized melting, which welds the contact shut. When the
silver grains melt in the composite, CdO grains are ex-
posed, lowering the current flow and preventing weld-
ing. Cadmium oxide decomposes to prevent surface
accumulation. This results in a blowing effect that
quenches arc formation.

Polychromatic Percolation

Transport by percolation through two or more materials
can be visualized in terms of colors. Black and white

patterns (Fig. 13) illustrate percolation in 2 diphasic
solid. Three kinds of percolation are possible: (al percola-
tion through an all-white path, (b) percolation through
an all-black path, and (c) percolation through a com-
bined black-white path. From a composite point of view,
the third possibility is the most interesting because it
offers the possibility of di ing new phenomena that
are not present in either phase individually. Foremost
among these effects are the interfacial phenomena,
which arise by inserting a thin insulating layer between
particles with high electrical conductivity. Varistors, PTC
thermistors, and boundary-layer capacitors are exam-
ples. In ceramic varistors, conducting ZnO grains are
surrounded by thin layers of Bj,0, insulation. The tun-
neling of electrons through this barrier gives rise to the
varistor effect.

The two-color patterns in Figure 13 show how perco-
lation depends on volume fraction for a random mix. As
pointed out earlier, the percolation limit depends on
connectivity. Highly connected segregated mixtures have
lower percolation limits than random mixtures of low
connectivity. Of the three kinds of transport paths, all
three may occur in a diphasic composite with equal pro-
portions of the two constituents. As pictured in Figure
13z, there are all-white paths, all-black paths, and black-
white paths, with the last predominating. When one
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FIGURE 13 Black-and-white percolation
patterns drawn for randomly mixed particles
of equal size and shape. The black/white mix-
ing ratios are 50/50 in (a) and 15/85 in (b).
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FIGURE 14 Tricolor percolation patterns
drawn from randomly mixed particles of
equal size and shape. Mixing ratios are (a} 33/
33733, (b) 50725725, and (c) 80/10/10.

color outnumbers the other {Fig. 13b), the minority
phase may lose its connectivity as its volume fraction
drops below the percolation limit.

Three-color percolation is illustrated in Figure 14.
Seven kinds of conduction paths are possible: three
monocolor, three bicolor, and ane tricolor. When all
three colors are present in equal amounts (Fig. 14a), it is
possible that there will be no monocolor transport. In
this case, bicolor and tricolor paths become important.
Monocolor conduction paths become increasingly im-
portant as the volume fractions become unbalanced (Fig.
14bc).

Ternary composition diagrams (Fig. 15) are useful in
determining which types of conduction paths are to be
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FIGURE 15 Ternary percolation diagrams
for tricolor composites. (a) A composite with
low connectivity shows single-color percola-
tion only near end-member compositions. (b
High connectivity promotes percolation
throughout the diagram. All three colors can
percolate simultaneously near the center of

the diagram.

found in a composite. Figure 153 shows a s\mmetnic
three-phase compasite with low connectivity. Onlv
monocolor conduction composition regions are identi-
fied. Monocolor paths occur only when a high volume
fraction of the color in question is present. No mono-
color transport occurs for compositions near the center
of the ternary svstem, although bicolor and tricolor
paths are present.

The situation is very different for a tricolor system
with high connectivity and easy percolation (Fig. 15b:. In
this case, the percolating limits for monocolor transport
overlap to give regions in the temary where two or three
monocolor conduction paths coexist. Bicolor and tri-
color paths also exist in the sysiem. Connectivity re-
quirements for polychromatic percolation have been dis-
cussed from a theoretical viewpoint by Zallen (23].

An example of coupled bicolor percolation is shown
in Figure 16. Consider the situation where an insulating
polymer matrix is partially filled with two kinds of parti-
cles. If the particles are of low connectivity, percolation
occurs only when the matrix is filled to high levels. The
conduction may be monocolor or bicolor, depending on
the relative proportions of the two fillers.

For high connectivity fillers, conduction is much eas-
ier, and the ternary diagramn possesses a region of over-
lap for monocolor conduction. At lower levels of filling,
there is also a region where only bicolor transport is
possible.

An asymmetric percolation diagram is shown in Fig-
ure 16. Here one filler has high connectivity, the other
low. The high connectivity phase might be a finely di-
vided material such as carbon; the low connectivity
phase could be of coarser grain size.

An example of such a system is an easy-poling piezo-
electric composite made up of two kinds of particles
mixed in an insulating polymer matrix (24). The first kind
of particulate phase in a piezoelectric composite is PZT
(lead zirconate titanate), a ferroelectric ceramic phase
that must be poled to make it piezoelectricallv active.
Poling is difficult because the PZT grains are not in good
electrical contact; and when shielded by a polvmer, only

INSULATING POLYMER MATRIX

LOW CONNECTIVITY + MIGH CONNECTIVITY
FIGURE 16 Ternary percolation diagram
for polymer-PZT-carbon composite. Com-
posites can be poled in the 1 + 1 coupled
percolation region.




a small fraction of the poling lickd penetrates into the
ferroelectric PZT particles. To aid in poling, a small
amount of a sccond conductive tiller maizrial is added.
When a conductor is added and the composite is
stressed, electrical contact is established between the
ferroelectric grains, making poling possible (Fig. 17a-c).
Pressure sensors of greater sensitiviy can be obtained in
this way (24].

Doubly filled composites are also used as backing ma-
terials for broadband piezoelectric transducers such as
PZT. To efficiently couple the backing material to the
transducer, it is necessary to match the acoustic imped-
ance of the backing to that of the piezoelectric. The
acoustic impedance of an isotropic solid is given by
z = pv, where p is the density and v the acoustic wave
velocity.

Two-phase mixtures consisting of a polymer matrix
and a heavy metal filler provide the required high atten-
uation and a wide range of acoustic impedances. The
filler particles scatter the acoustic waves efficiently, and
polymers generally have high absorption coefficients; to-
gether the two provide the required high attenuation.
Acoustic impedances of about 30 X 10* kg/m?*s are re-
quired to match piezoelectric transducers made from
PZT or LiNbQ,, but it is not easy to obtain such values
with normal compaosite materials. In principle an epoxy-
tungsten composite can provide a wide range of acoustic
impedances (3-100 X 10%, but in practice it is difficult to
load the matrix to- more than 70 vol % tungsten. It is

d)

FIGURE 17 Pressed ternary composites
made by mixing PZT and carbon particles in
an epoxy matrix. (a) Carbon particles are
small (~ 5 pm) with low connectivity. When
pressed, (b) the carbon particles are trapped
between PZT grains to form conducting con-
tacts in the poling direction (c).
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found that most of the change in impedance takes place
at higher volume fractions. Metal matrix backing mate-
rials avoid this problem. Using lead-indium-based alloy
as a mateix with copper and tungsten fillers gave imped-
ance values closely matched to those of the transduc-
ers {25]. ‘Three-phase bhacking materials such as this
make excellent acoustic dampers with impedances in
the range of 20-45 x 10° kg/m?s.

Symmetry of Composite Materials

A wide variety of symmetries are found in compaosite
materials. Examples of crystallographic groups, Curie
groups, black-and-white groups, and color groups will
be given, and the resulting effect on physical properties
discussed.

In describing the symmetry of composite materials,
the basic idea is Curie's principle of symmetry superpo-
sition: A composite material will exhibit only those sym-
metry elements that are common to its constituent
phases and their geometrical arrangement.

The practical importance of Curie’s principle rests on
the resulting influence on physical properties. Generaliz-
ing Neumann's law from crystal physics: The symmetry
elements of any physical property of a composite must
include the symmetry elements of the point group of the
composite. Applications of Neumann's law to single-
crystal materials can be found in the book by Nye (26]. A
discussion of more wide-ranging topics concemning the
effects of symmetry has been given by Shubnikov and
Koptsik [27).

Laminate Symmetry

The laminated composites pictured in Figures 18, 19,
and 20 are good illustrations of composite symmetry. In
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FIGURE 18 (a) Unidirectional laminate

consisting of parallel glass fibers in an epoxy
matrix. (b) The orthorhombic mmm symme-
try of the compaosite is maintained on heat-

ing
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FIGURE 19 (a) Cross-ply laminate contain-
ing orthogonal fibers in adjacent layers. (b)
Double curvature occurs on heating, consis-
tent with 42m symmetry.

a unidirectional laminate (Fig. 18), the glass fibers are
aligned parallel to one another, such that a laminate has
orthorhombic symmetry (crystallographic point group
mmm). Mirror planes are oriented perpendicular to the
laminate normal, and perpendicular to an axis formed
by the intersection of the other two mirrors. The physical
properties of a unidirectional laminate must therefore
include the symmetry elements of point group mmm. If

P T

187 2ND
LAYER

222 SVMMETRY TWISTED CURVATURE
b ON HEATING

FIGURE 20 (a) = 8 angle-ply laminate with

222 symnmetry. (b) Twisted curvature develops
when the temperature is raised.

the laminate is heated, it will change shape because of
thermal expansion. Less expansion will take place paral-
lel to the fiber axis because glass has a lower thermal
expansion and greater stiffness than polymer. The lami-
nate will therefore expand anisotropically, but it will not
change symmetry. The heated laminate continues to
conform to point group mmm. .

A cross-ply laminate (Fig. 19} is made up of two unidi-
rectional laminates bonded together with the fiber axes
at 90°. Such a laminate belongs to tetragonal point group
42m. The fourfold inversion axis is pe dicular to the
laminated sheets and to both sets of glass fibers. Twofold
symmetry axes are oriented perpendicular to the 4 axis
and at 45° to the fiber axes. The tetragonal symmetry is
maintained on heating. A double curvature distortion
occurs, but the symmetry elements of point group 42m
are not violated.

Laminated composites with * 8 angle-ply alignment
exhibit orthorhombic symmetry consistent with point
group 222. In a * & angle-ply laminate, the fibers in the
first layer are oriented at an angle of =@ with respect to
the edge of the laminate. Fibers in the second layer form
an angle of —@ with the edge and an angle of 20 with
respect to the fibers in the first layer. Two twofold sym-
metry axes bisect the fiber directions, with a third per-
pendicular to the laminated layers. When heated, the
layers twist, but the symmetry is unchanged (Fig. 20).

The thermal strains of the three laminated composites
just discussed are excellent examples of Neumann's law.
In all three cases the symmetry of the physical property
includes that of the point group of the composite. Other
properties of the composite obey Neumann's law as well.
The elastic properties of an angle-ply metal matrix are
graphed in Figure 21. Young's moduli are plotted as a
function of the fiber angle §. Maximum anisotropy in
Young's modulus is observed when the fibers in the adja-
cent layers are parallel to one another (§ = 0° or 90°.. In
this case the symmetry of the composite is clearly
orthorhombic, but as @ approaches 45°, the anisotropy
disappears until the symmetry becomes tetragonal at
0 = 45°, corresponding to the cross-ply laminate situa-
tion

The point groups for unidirectional laminates (mmmj,
cross-ply laminates (42m), and angle-ply laminates (222)
are examples of crystallographic symmetry in composite
materials. More complicated symmetry pattemns have
been incorporated in three-dimensional weaves. Woven
carbon~-carbon composites are made from carbon fibers
with infiltrated pyrolytic carbon (28]. Aerospace engi-
neers have found that weaves with cubic geometries
show excellent ablation resistance. Cubic symmetry is
obtained by weaving the fibers in directions correspond-
ing to important symmety directions in a cube. In one
such pattern, the fiber axes are perpendicular to
one another along three nonintersecting (100) direc-
tions. Another utilizes four nonintersecting (111) direc-
tions as fiber directions. An even more complex weave is
obtained by combining the (100) and (111) patterns in a
seven-directional weave with faceted strands. In the car-
bon-carbon composites, 60-75% of the volume is occu-
pied by carbon fibers.
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FIGURE 21 Elastic properties of a boron
fiber; aluminum matrix composite in * 8
angle-ply configuration. Young's moduli (E,
and E,,) are plotted as a function of 6. The
symmetry changes from orthorhombic (E,; #
E,)) to tetragonal (E, = E,,) at 8 = 45°, corre-
sponding to cross-ply lamination,

Bxtruded Geometries

Other types of symmetry elements can also be intro-
duced during processing. The extruded honeycomb ce-
ramics used as catalytic substrates are an interesting ex-
ample [29). By suitably altering the die used in extruding
the ceramic slip, a large number of different symmetries
can be incorporated into the composite body when the
extruded form is filled with a second phase. Figure 22

OIf PATTENNS .
(] ) (7))
FIGURE 22 (a) Electroceramic bodies can

be extruded with many different symmetries.
Monolithic honeycomb patterns with {b) hex-
agonal, (c) tetragonal, and (d) orthorhombic
symmetries are {llustrated.
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FIGURE 23 Honeycomb pressure sensor
extruded with tetragonal 4/mm symmetry
and then transversely poled to give ortho-
rhombic mm2 symmetry.

illustrates three of the extruded geometries with hexag-
onal, tetragonal, and orthorhombic symmetries. The
orthorhombic pattern (Fig. 22d) resembles the cellular
structure of wood in which cell walls terminate on adja-
cent transverse walls. Such a structure has excellent re-
sistance to mechanical and thermal shock.

Lead zirconate titanate (PZT) honeycomb ceramics
have been transformed into piezoelectric transducers by
electroding and poling. The symmetry of the honeycomb
transducers depends on the symmetry of the extruded
honeycomb and also on the poling direction. For a
square honeycomb pattern, the symmetry of the un-
poled ceramic is tetragonal (4/mmm) with fourfold axes
parallel to the extrusion direction. When poled parallel
to the same direction, the symmetry changes to 4mm.
Longitudinally poled PZT composites have been investi-
gated by Shrout and coworkers (30]. Transversely poled
composites filled with epoxy are especially sensitive to
hydrostatic pressure waves [31). In this case the symme-
try belongs to orthorhombic point group mma2 (Fig. 23).

Not all composites have crystallographic symmetry.
Some belong to the seven limiting groups of =-fold sym-
metry axes (Fig. 24). The best known of the Curie groups

®om O
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FIGURE 24 Curie groups showing sub-
group-supergroup relationships.
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are thase with spherical tx2ml, cvlindrical 12x/mo, and
conical Ixm) symnetry (27]. The remaining four groups
exhibit right- and left-handed characteristics that can
best be illustrated with various types of liquids.

An ordinary liquid twater or benzene) has spherical
symmetry. In such a liquid, the molecules have no align-
ment or handedness; hence there are an infinite number
of =-fold axes and mirror planes, corresponding to Curie
group =xm. All other limiting groups are subgroups of
=xm, as indicated in Figure 24.

The mirror planes are lost when the liquid possesses
handedness. Dissolving sugar in water is a simple way of
imparting handedness to water. Though randomly ori-
ented in water, the sucrose molecules are all of the same
handedness, thereby making the solution optically ac-
tive. When dissolved in water, dextrose and levase—the
right- and left-handed forms of sugar—give rise to the
enantiomorphic forms of point group %=. This symmetry
can be imposed on a composite material by incorporat-
ing randomly oriented molecules with a handedness
within the body.

Point groups »=m and ®® are consistent with ran-
dom orientation of crystallites as well. A golyclystalline
body of alumina (single-crystal symmetry 3m) belongs to
=om. The symmetry group of polycrystalline quartz (en-
antiomorphic single-crystal group 32) depends on the
relative population of right- and left-handed grains. If the
two were equal in population, as would normally be the
case, the symmetry of a randomly oriented polycrystai-
line body would be wcom. If left-handed grains were sys-
tematically excluded, say by grinding up a right-handed
crystal, the symmetry group would be =,

Composite bodies with texture may belong to one of
the five remaining Curie groups: @/mm, %m, */m, %2, or
. All five groups have a special symmetry axis. Liquid
crystals have orientational order, which conforms to Cu-
rie group symmetry. In nematic liquid crystals, the mole-
cules are parallel to one another, giving cylindrical sym-
metry ©/mm. When the molecules are parallel and polar,
conical symmetry (om) is achieved. And if the liquid
crystal molecules have handedness, or are stacked in
helical fashion as in cholesteric liquids, then the symme-
try group is ®2. Group ®/m occurs in the unlikely cir
cumstance that right- and left-handed molecules align
with opposite polarity. Certain ferroelectric crystals such
as Pb;Ge;04, exhibit such ambidextrous behavior. The
lowest symmetry Curie group, polar point group %, oc-
curs in ferroelectric liquid crystals with handedness.

Mixed liquids can lead to some interesting symmetry
changes. Mixing an enantiomorphic liquid () with a
nematic liquid crystal (»/mm) creates a “mixed drink”
with symmetry ®2 in accordance with the principle of
symmetry superposition.

Phyusical forces or fields can be assigned to certain
symmetry groups. As an example, consider a tempera-
ture gradient dT/dx. This is & vector that can be imposed
on a composite material during processing, and if the
material has s "memory,” the vector nature of the tem-
perature gradient will be retained after the temperature
gradient is removed. The polar devel-
oped at Penn State illustrate the idea (32). A glass is crys-

tallized under a strong temperature gradient with polar
crystals growing like icicles into the interior from the
surface. Certain glass-ceramic systems such as Ba.Ti-
Siz0s and Li,Si;0Os show sizable pvroelectric and piezo-
electric effects when prepared in this manner. Polar
glass-ceramics belong to the Curie point group xm. the
point group of a polar vector. As the glass is crvstallized
in a temperature gradient, it changes symmetry from
spherical (»m) to conical (*m), the same as that of a
poled ferroelectric ceramic.

Magnetic Curie Groups

Other physical forces can also be classified into Curie
group symmetries. The chart in Figure 25 is helpful in
relating these symmetries. To describe the magnetic
fields and properties, it is necessary to introduce the
black-and-white Curie groups. Magnetic fields are repre-
sented by axial vectors with symmetry */mm’. The syn-
bol m’ indicates that the mirror planes paraliel to the
magnetic field are accompanied by time reversal. The
relationship between black-and-white Curie groups is
shown in Figure 25. The symbol I’ is added to the Curie
group symbols to indicate that in normal Curie groups
all symmetry elements occur twice, both with and with-
out time reversal.

Polar vectors such as temperature gradient or an elec-
tric field belong to Curie group =ml’. Tensile stress is
represented by a second-rank tensor belonging to cylin-
drical group «/mml’.

The symmetry superposition principle applies to the
point groups in Figure 25. In the magnetoelectric com-
posites made from ferroelectric and ferromagnetic
phases, the symmetry of the poling fields is retained
through domain wall motion. If the electric and mag-
netic poling fields are applied in the same direction. the
symmetry of the composite is *m’. When the poling
fields are perpendicular to one another, the symmetry
group is 2'mm’. This point group also applies to the
NiSb-InSb field plate described earlier.

o2l
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FIGURE 28 Curie groups (solid boxes) and
their magnetic derivatives (dashed baxes).
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FIGURE 26 Symmetry derivation for a
polycrystalline BaTiOy-CoFe,0, magnetoelec-
tric composite poled and magnetized in par-
allel electric and magnetic fields.

To summarize the symmetry of composites, some
composites belong_to crystallographic point groups
(cross-ply laminate 42m), some to limiting groups (polar
glass—-ceramics *m), and some to black-and-white limit-
ing groups (magnetoelectric composite =m’). Compos-
ites containing more than two phases can be described
by color group symmetry.

The magnetoelectric composite described previously
is an excellent illustration of the importance of symme-
try in composite materials. Figure 26 shows the change
in symmetry going from domain single crystals of Co-
Fe;0, and BaTiO, through multidomain and polycrystal-
line states ta a polycrystalline composite that has been
poled and magnetized in parallel E and H fields. In com-

TABLE 2

Number of Independent Property Coefficients

for the Seven Curie Groups*

Curie Group P € d s 8
woml’ o 1 (] 2 ()]
o]’ 0 1 0 2 1
o/mml’ (] 2 0 s o
/ml’ ] 2 (] [ (]
oml’ 1 2 3 5 0
w2l 0 2 1 s 2
o 1 2 4 s 2

* polar mnsors of rank 1 through 4 are represented by

pyrosiectricity
{p), permittivity {s), piezoelactricity id). and elastic complisnce ().
Jmquymmwm“
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'ABLE 3
Number of Independent Property Coellicients
for the Fourteen Magnetic Curie Groups*

Magnetic
Curie Group
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xm’
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* Axial tensors of rank 1, 3, and 4 are represented by pyromagnetism (i),

magnetoelectricity (x), and piezomagnetism 1Q). Magnetic susceptibil-
ity coefficients behave as 2 polar second-rank tensor.

bining a magnetized ceramic (symmetry group */mm’}
with a poled ferroelectric ceramic (symmetry group
oml’), the symmetry of the composite is obtained by
retaining the symmetry elements common to both
groups: *m’.

An interesting feature of this symmetry description
is its effect on physical properties. According to
Neurnann's law, the symmetry of a physical property of a
material must include the symmetry elements of the
point group. The symmetry of a magnetized ceramic and
a poled ferroelectric both forbid the occurrence of
magnetoelectricity, but their combined symmetry (*m’j
allows it. By incorporating materiais of suitable symme-
try in a composite, new and interesting product proper-
ties can be expected to occur.

A listing of property coefficients for the Curie groups
and their magnetic analogues is presented in Tables 2
and 3.

Connectivity

Connectivity (33] is a key feature in property develop-
ment in multiphase solids, since physical properties can
change by many orders of magnitude depending on the
manner in which connections are made. Imagine, for
instance, an electric wire in which the metallic conduc-
tor and its rubber insulation were connected in series
rather than in parallel. Obviously, its resistance would be
far higher.

Each phase in a composite may be self-connected in
zero, one, two, or three dimensions. It is natural to con-
fine attention to three perpendicular axes because all
property tensors are referred to such systems. If we limit
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FIGURE 27 Ten connectivity patterns used
to describe the tensor properties of diphasic
commposites. (From Ref. 33.)

the discussion to diphasic composites,* there are ten
connectivities {33): 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3~1, 2-2,
2-3, and 3-3. The ten different connectivities are illus-
trated in Figure 27, using a cube as the basic building
block. A 2-1 connectivity pattern, for example, has one
phase self-connected in two-dimensional chains or fi-
bers. The connectivity patterns are not generally unique.
In the case of a 2-1 pattern, the fibers of the second

phase might be perpendicular to the layers of the first
phase, as in Figure 27, or they might be parallel to the

During the past few years we have been developing
processing techniques for making ceramic composites
with different connectivities {34). Extrusion, tape casting,
and replamine methods have been especially successful.
The 3-1 connectivity pattermn in Figure 27 is ideally
suited to extrusion processing. A ceramic slip is ex-
truded through a die giving a three-dimensionally con-
nected pattern with one-dimensional holes, which can
later be filled with a second phase (see Fig. 23).

Another type of connectivity well suited to processing
is the 2-2 pattern made up of alternating layers of the
two phases. The tape casting of multilayer capacitors

* Connectivity patterns for more than two phases are similar to
the diphasic patterns, but more numerous. There are 20 three-
phase patterns and 35 four-phase patterns, compared to the 10
two-phase patterns in Figure 27. For n phasss the number of
connectivity patterns is in + 3)/3mL Triphasic connectivity pat-

with altermating lavers of metal and ceramic is a wax of
producing 2-2 connectivity. In this arrangement. both
phases are self-connected in the lateral X and ¥ direc-
tions but not connected perpendicular to the laver
along Z.

In 3-2 connectivity, one phase is three-dimensionally
connected, the other two. This pattern can be consid-
ered a modified multilayver pattern with 2-2 connectivity.
If holes are left in the layers of one phase, lavers of the
second phase can connect through the holes. giving
three-dimensional connectivity.

The most complicated, and in many ways the most
interesting, pattem is 3-3 connectivity in which the nvo
phases form interpenetrating three-dimensional net-
works. Patterns of this type often occur in living svstems
such as coral, where organic tissue and an inorganic
skeleton interpenetrate one another. These structures
can be replicated in other materials using the lost-wax
method. The replamine process, as it is called. can also
be used to duplicate the connectivity patterns found in
foam, wood, and other porous materials (35].

Stress Concentration

The importance of stress concentration in composite
materials is well known from structural studies, but its
relevance to electroceramics is not so obvious. Stress
concentration is a key feature of many of the piezoelec-
tric composites made from polymers and ferroelectric
ceramics [34). By focusing the stress on the piezoelectric
phase, some of the piezoelectric coefficients can be en-
hanced and others reduced (33).

As an example, consider the piezoelectric voltage co-
efficient g5, relating electric field to applied stress. Both
the tensile stress o, and the resulting electric field E; are
parallel to the poling direction.

If the two phases of the compaosite are arranged in
parallel, the stress acting on the more compliant phase
will be transferred to the stiffer phase. Under these cir-
cumstances, the voltage coefficient is:

=2 _9n _ ‘Nﬂ’&g + :v:dnlS”
&x [ £ En (‘V‘Sa + MSQ“‘V‘CQ + zvltn'

In this expression the properties of the two phases are
designated with superscripts 1 and 2. Symbols 'V, idy
ey and sy represent the volume fraction of phase 1
and its piezoelectric charge coefficient, electric permit-
tivity, and elastic compliance. The corresponding prop-
erties of the second phase are ¥V, 3dy, ey, and sy,

A composite of interest here is that of a ferroelectric
ceramic (phase 1) in parallel with a compliant polvme:
iphase 2). In this case 'dy >> idy, 185 << 5y, 'ty >>
‘Gg; and:

L) =
lvlen y i

If 90% of the composite volume is polymer, then'v = 0.
and gy is ten times larger than the voltage coefficient ¢




the ceramic, g,,. Excellent hvdrophone designs are ob-
tained in this way {34].

Advantageous internal stress transfer can also be uti-
lized in pyroelectric coefficients. If the two phases have
different thermal expansion coefficients, there is stress
transfer between the phases that generates the electric
polarization through the piczoelectric effect. In this way
it is possible to make a composite pyroelectric in which
neither phase is pyroelectric (33).

Electric Field Concentration

The multilayer design used for ceramic capacitors is an
effective configuration for concentrating electric fields.
By interleaving metal electrodes and ceramic dielectrics,
relatively modest voltages are capable of producing high
electric fields.

Multilayer piezoelectric transducers are made in the
same way as multilayer capacitors (36). The oxide pow-
der is mixed with an organic binder and tape-cast using
a doctor blade configuration. After drying, the tape is
stripped from thc substrate, and electrodes are applied
with a screen printer and electrode ink. A number of
pieces of tape are then stacked, pressed, and fired to
produce a ceramic with intemal electrodes. After attach-
ing leads, the multilayer transducer is packaged and
poled. When compared to a simple piezoelectric trans-
ducer, the multilayer transducer offers a number of ad-
vantages:

1. The internal electrodes make it possible to gener-
ate larger fields for smaller voltages, eliminating the
need for transformers for high power transmitters.
Ten volts across a tape-cast layer 100 um thick
produces an electric field of 10° V/m, not far from
the depoling field of PZT.

2. The higher capacitance inherent in a multilayer
design may also help in impedance matching.

3. Many different electrode designs can be used to
shape poling patterns, which in tum control the
mode of vibration and the ultrasonic beam pattern.

4. Additional design flexibility can be produced by
interleaving layers of different composition. One
can alternate ferroelectric and antiferroelectric lay-
enabr instance, thereby increasing the depoling
fiel

8. Grain-oriented piezoelectric ceramics can also be
tape cast into multilayer transducers. Enhanced
piezoelectric properties are obtained by aligning
the crystallites parallel to the internal electrodes
(37).

6. Another advantage of the thin dielectric layers in a
multilayer transducer is improved electric break-
down strength. Gerson and Marshal (38) measured
the breakdown strength of PZT as a function of
specimen thickness. The DC breakdown field for
ceramics 1 cm thick was less than half that for 1
mm thick samples. It is likely that the trend con-
tinues to even thinner specimens, leading to im-
proved poling and more reliable transducers.
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Perhaps even more important than these factors is the
enhancement of electiustrictive elfects. Electrostriction
is a second-order electromechanical coupling between
strain and electronic field. For small fields, electrostric-
tive strains are small compared to piezoelectric strain,
but this is not true for the high fields generated in multi-
layer transducers. .

Multilayer electrostrictive transducers [39) made from
relaxor ferroelectrics such as lead magnesium niobate
(PMN) are capable of generating strains larger than PZT
(Fig. 28). Since there are no domains in PMN, there are no
“walk-off* effects in electrostrictive micropositioners.
Moreover, poling is not required, and there are no aging
effects. The concentration of electric fields makes non-
linear effects increasingly important.

Multilayer Thermistors

For many applications it is desirable to lower the room
temperature resistance because the thermistor elements
are often connected in series with the circuit elements
they are designed to protect. It is possible, of course, to
lower the resistivity of the composite by altering the
components, but the resistivity cannot be lowered indefi-
nitely without degrading the PTC thermistor effect.

The introduction of internal electrodes offers a way to
reduce the resistance per unit volume without affecting
the temperature characteristics. Thermistor devices are
presently being fabricated as ceramic discs or as com-
posite wafers. Recently we developed a way of making
multilayer BaTiO; PTC thermistors {40) that greatly
lowers the room temperature resistance. Barium titanate
powder doped with rare-earth ions is mixed with an
organic binder and tape cast on glass slides. Electrodes
are then screen-printed on the tapes, followed by stack-
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FIGURE 28 Comparison of electrostrictive
and piezoelectric micropositioners. Nonlin-
ear effects become important in multilayer
composites where the electric fields are

large.
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ing, pressing, and tiring. ‘The internal electrode contigu-
ration is very similar to that of multilaver capacitors.
The basic idea involves comparison of a single-layer
disk thermistor with a multilaver thermistor of the sume
external dimensions. The multilayer device is assumed
to have n ceramic layvers and n + 1 electrodes. Let A
represent the area of the single-layer disc thermistar, ¢ its
thickness, and p the resistivity. The resistance of the disc
thermistor is:

ot
ﬂ,=;\-

For the multilayer thermistor, the total electroded area is
nA (neglecting margins) and the thickness is t/n tneglect-
ing the electrode thickness). The resistance of the multi-
layer device is:

_plt/m)
nA

3':
Nl

Ry

The resistivity of the thermistor is lowered by a factor of
1/n? with n - 1 intemnal electrodes.

We have demonstrated the feasibility of this idea with
a multilayer device containing four tape-cast layers. As
predicted, the resistance of the multilayer specimen is
approximately n® {=16) times smaller with very little
change in the temperature characteristic.

Summary

Somne of the basic ideas underlying compaosite electro-
ceramics have been illustrated in this module. By way of
summary, we might state them as Ten Commandments:

1. Sum properties involve the averaging of similar
properties in the component phases, with the mixing
rules bounded by the series and parallel models. For a
simple sumn property such as the dielectric constant, the
dielectric constant of the composite lies between those
of the individual phases. This is not true for combination
properties based on two or more properties. Acoustic
velocity depends on stifiness and density, and since the
mixing rules for these two properties are often different,
the acoustic velocity of a composite can be smaller than
those of its constituent phases.

2. Prodyct properties are even more complex be-
cause three properties are involved: different properties
in the constituent combine to yield a third property in
the composite. In a magnetoelectric composite, the pi-
arnalectric effect in harium titanate acts on the magneto-
strictive effect of cobalt ferrite to produce a composite
magnetoelectric effect.

3. Connectivity patterns are a key feature of composite
electroceramics. The self-connectiveness of the phases
determines whether series or parallel modeis apply, and
thereby minimizes or maximizes the properties of the
composite. The three-dimensional nature of the connec-
tivity patterns makes it possible to minimize some tensor

components  while maximizing others.  Piezoelectric
compasites made trom parallel ferroelectric tibers hine
large d,, coefficients and small d,, values.

4. Concentrated field and force patterns are possible
with carefully selecled connectivities. Using intemal
electrodes, electrostrictive ceramics are capable of pro-
ducing strains comparable to the best piezoelectrics.
Stress concentration is achieved by combining stiff and
compliant phases in parallel. A number of different hyv-
drophone designs are based on this principle.

$. Periodicity and scale are important factors when
composites are to be used at high frequencies where
resonance and interference effects occur. When the
wavelengths are on the same scale as the component
dimension, the composite no longer behaves like a uni-
form solid. The colorful interference phenomena ob-
served in opal and feldspar minerals are interesting ex-
amples of natural composites. Acoustic analogues occur
in the PZT-polymer composites used as biomedical
transducers.

6. Symmetry governs the physical properties of com-
posites just as it does in single crystals. The Curie princi-
ple of symmetry superposition and Neumann's law can
be generalized to cover fine-scale compasites, thereby
elucidating the nature of their tensor properties. As in
the case of magnetoelectric composites, sometimes the
composite belongs to a symmetry group that is lower
than any of its constituent phases. Unexpected product
properties occur under such circumstances.

7. Interfacial effects can lead to interesting barrier
phenomena in composites. ZnO-Bi;0, varistors and
carbon-polymer PTC thermistors are important exam-
ples of Schottky barrier effects. Barrier-layer capacitors
made from conducting grains separated by thin insulat-
ing grain boundaries are another example.

" 8. Polychromatic percolation is an interesting con-
cept that has yet to be fully explored. Composites fabri-
cated from two or more conducting phases can have
several kinds of transport paths, both single-phase and
mixed, depending on percolation limits and volume frac-
tions. Carbon-PZT-polymer compaosites can be poled
because polychromatic percolation establishes flux con-
tinuity through ferroelectric grains. The SiC-BeO com-
posites under development as substrate ceramics are an-
other example. These diphasic ceramics are excellent
thermal conductors and poor electrical conductors at
one and the same time. A thin layer of BeO-rich carbide
separates the SiC grains, insulating them from one an-
other electrically, but providing a good acoustic imped-
ance match ensuring phonon conduction.

9. Coupled phase transformations in polyphasic
solids introduce additional possibilities. Recently discov-
ered NTC-PTC composites made from V;0, powder and
embedded in polyethylene combine matrix and filler
materials with complementary properties. At low tem-
peratures the vanadium oxide particles are in a semicon-
ducting state and in intimate contact with one another.
On passing through a semiconductor-metal transition,
the electrical conductivity increases by five orders of
magnitude. Further heating brings the polymer to a
phase transformation, causing a rapid expansion in vol-




ume and pulling the V.0, particles apart. As a conse-
quence, the electrical conductivitv decreases dramati-
cally, by eight orders of magnitude. In addition to this
“window material” with a controlled conducitivity range.
several other composites with coupled phase transfor-
mations were described.

10. Porosity and inner surfaces play a special role in
many electroceramic composites used as sensors. Hu-
midity sensors made from Al,0, and LiF have high inner
surface area because of thermally induced fracture. The
high surface area and hygroscopic nature of the salt
result in excellent moisture sensitivity of the electrical
resistance. Chemical sensors based on similar principles
can be constructed in the same way.

R. E. Newnham
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TUNABLE TRANSDUCERS AS SMART MATERIALS
Michael Blaszkiewicz, Robert E. Newnham and Q.C. Xu
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Abstract

A solid-state tunable tnn:ld::er has been
develo incorporating an tically nonlinear
materl?l.d :l{com rubber. into an electroacoustic
transducer made from piezoelectric ceramics. The
resonant frequency and mechanical Q of the
transducer are tuned mechanically by applying &
uniaxial compressive stress to the composite. The
resonant frequency is tuned electricafly by placing a
plezoelectric actuator into the composite and varying
the magnitude of the d.c. bias.

Introduction

Smart materials sense a change In the
environment and, using a feedback system. make a
useful response with an actuator. Examples of

smart and actively smart materials have
described in a recent review paper.(1)
ve

. When s

resistance at the ferroelectric-paraelectri~ phase

transformation (~ 130° C). The increase mn

circuit elements against large

current surges. Varistors and PIC thermistors

function as passively smart materials that use standby

mechanisms to prevent electrical breakdown.

are used in automobile
controlled

|

The actuator a
Mmtmm&mw force tn
the shock sbeorber system. All of these functions,

can “tune" its sensor and actuator functions in time
and space to optimize behavior. With the help of
memory elements and a feedback system, a very
smart material becomes smarter with age.

The distinction between amart and very smart
materials is essentially one between linear and
nonlinear properties. This difference can be
demonstrated in the behavior of strain with a
electric field in pilezoelectric PZT (PbZr0.5T10.503).
and electrostrictive PMN (PbMg0.33Nb0.6703)
ceramics. In hard PZT, the strain is linearly
dependent to the applied electric field. Therefore,
the plezoelectric dss coeflicient, which s equal to
the slope of the strain-electric field curve, is
constant and cannot be tuned with a bias field.
However, PMN ceramics exhibit very large
electrostrictive effects tn which the strain s
proportional to the square of the electric

used
coefficient. In certain modified PMN ceramics,
these values range from zero at zero bias fleld to
1500 pC/N at a blas field of 4 kV/cm.

‘The tunable transducer described in this paper
is an example of a very smart material. Silicone
rubber, an elastically nonlinear material, has an
adjustable elastic modulus, enabling the transducer
to be tuned in frequency and acoustic impedance.

loy piezoelectric ‘tenak ting at
employ ma opera
resonance are used as fish finders, biomedical
scanners, and sonar systems to search for ob, of
various sizes. These systems are limited in that the
resonant frequency of operation, fy. as well as the
mechanical Qm. are fixed and depend on the
of the transducer and its complex stiffiness.
The scattering power of the target depends on the
of the In wave and the

as the of various sizes can be
iden uﬂnL same transducer if the resonant
frequency can be changed . By creating a

mmdmwbuemt frequency and
0 can be tuned over a wide range. the
versatility of a transducer and its interrogation

capabilities can be vastly improved.
Tunable Transducer
Concent

The resonant frequency of a thicknesas mode
transducer is given by:

1 E
feme—afl—
T2t P

m




where t is the thickness. E ts (It elastic modulus,

and p is the density. Previous studies of tunable
transducers by W.J. Fry et al. (3) and E.P. Lanina (4)
concentrated on varying the resonant frequency by
controlling the effective thickness of the transducer.
Fry et al.(3) used a :ﬂ’uld backing media (mercury)
which had an adjustable thickness. The object was
to goduce high intensity uitrasound over a relatively
wide and continuous frequency range. This
ultrasound was to be projected into a liquid medium.
A reduction in the resonant frequency from 80 kHz
to 40 kHz was obaerved as the length of the mercury
(and, therelore. the effective thickness of the

was varied from zero to 2.5 am.

Lanina(4) described a tunable high-frequency,
high-power plezoelectric ceramic radiator for
nonlinear acoustic studies. The system was similar
to that of Fry et al.{3) but in of one piezoelectric

ceramic plate and its backing material, the system
- consisted of twlc; qglgoeleeme c‘eamnlc o‘rla‘rt;s

separated by a matching layer, oll. The

spacing of plates was varied between 0.5 and 3

mm. The addition of the second piezo-ceramic plate
increased the radlation intensity by a factor of four
over that of a single plate. The resonant frequency
was vanied from 1.7 MHz to 1.9 MHz by changing the
thickness of the oil ma layer. Shock waves

were produced tn a water-fllled tank using this
device.

According to equation 1, the resonant
frequency can also be changed by varying the elastic

modulus or the density of the transducer. However,

rubber-metal laminates

“4—1 Brass

Nut ——p ?
— Stress

Bolt

Fig.1 The tunable transducer. the brass has an outer
diameter (OD) of 22 mm, an inner diameter (ID) of 5
mm., and is 7.7 mm thick. The PZT-5 piezoelectric
has an OD of 2! mm, an ID of 5§ mm, and is 2.5 mm

thick. The elastomer is a rubber-metal laminate and
is described in the text.

was solved by making a laminate incorporating a
specially treated copper shim with a thin coating of
polyimide to assist the adhesion with silicone 2

The laminate was made in the following way. A
silicone rubber-trichloroethyiene solution was
applied to the polyimide coated side of two pieces of
the copper shim cut in the shape of a torold. This
was allowed to set for one hour to let the solvent
evaporate. Then the two sides covered with silicone
rubber were sandwiched together and placed in a
die. This laminate was then hot-pressed at a
pressure of 37 MPa and a temperature of 150° C for
one hour. Re ucible behavior of the resonant
frequency applied stress was achieved with
these composites.

Mechanical Tuning

The resonant frequency and micchanical Q of
the composite transducer can be tunec iy applying a
mechanical bias (Fig 2.) The measuremeats in Fig. 2
were performed by applying a uniaxial ;ress to the
comp‘:ltebyuﬂnmmgmembdt with a torque
wrench.
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Fig. 2 The resonant frequency and mechanical Q of
the tunable transducer. A rubber-metal laminate
consisting of 5 rubber layers (each 0.02 mm thick)
and 6 layers of copper shim (each 0.08 mm thick).

-1
2 Mg T
Sp=j10 “QQO —2——+—-———m——
1-e 3%
(2}

where o s 2xfy, Mc is the mass of the ceramic, Mg
is the mass of the brass, and sp is the mechanical
compliance of the brass.

]
N i ac 8
e cadea
— - ——
@
RUBBER czRAMIC BRASS

Fig. 3 The equivalent circuit of & tunable transducer.

At low stress the rubber is very compliant
et isolates the upper PZT and brass from

increase.

Electrical Tuning

Bestdes being able to tune the frequency
mechanically, it is also possible to tune it electrically.
A multilayer plezoelectric actuator made of PZT was
incorporated Into the composite transducer to
produce an additional displacement after a
mechanical prestress has been applied (Fig. 4).

PZT

Stress
Bolt

Fig. 4 The tunable transducer with the PZT actuato
stack Included. The stack is 45 mm thick with an ‘
OD of 32 mm and an ID of 6 mm.

Nut ——<

The actuator will expands when a d.c. electric
fieid 1s applied. A PZT stack of 42 ceramic toroids,
each 1 mm thick, produces 10 um motions (Fig. )
with 500 volts applied. The dis t is linear
with the applied voltage with just a small hysteresis.

18

0 v—
4] 100

200 300 400 500
DC Bias (Voita)

Fig. 5 The displacement produced by the €2 la
PZT actuator stack. Notice the nwbyltnenr behaﬁr
and the slight hysteresis.




There 1s a relaxation process that occurs when
a mechan’cal prestress is applied to this composite.
It 1s caured by the epoxy between the toroids in the
PZT stack. The epoxy Is used to hold the stack
together. Initially, the resonant frequency of the
composite tends to Increase with time because of
the dening of the epoxy in response to the
increased mechanical blas. Fig. 6 shows a plot of the
resonant frequency as a function of time at a
prestress of 7 MPa and no d.c. voltage applied to the
PZT atack. . it takes about 12 hours for the

resonant frequency to stabllize.

15.8
: ot
*>
15.61 certt
*00e
ot
- 00“
4 *
0.'
- 15.21 K
{ .
*
15.01+
14-8 — L4 v vy L | - m
o 20 40 80 80 100 120
time (minutes)

Fig. 6 The resonant frequency as a function of ime
after a prestress of 7 MPa was applied to the
composite.

After the resonant frequency has stabilized, it

is possible to tune the frequency using the converse
plezoelectric of the PZT stack. Fig. 7

o 1;0 21')0 300 400
DC Bias (Voits)

500

7 The resonant otted as & function
:‘('é.c.volu.le. MWW7MP:¢nmbber-
metal laminate with a rubber thickness of 0.02 mm.

The reason for the small change {n resonant
frequency (approximately 350 Hz) was thought to be
due to the geometry of the system In that the
maximum stress is now approximately at the center
of the PZT stack rather than at the rubber-metal
laminate. The transducer design was altered to
place the maximum stress at the rubber-metal

laminate by incorporating a large piece of brass of
the same tons as the PZT stack. Fig. 8 shows
this design.
PZT
and
m m

“

:

Fig. 8 The tunable transducer consisting of a PZT

actuator stack and a brass cylinder of simflar
dimensions.

The resonant frequency of this modified
transducer remained relatively small (330Hz) for the
same pressure and rubber thickness as the previous
measurement. The total mass and/or relative
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Piezoelectric Composites with High Sensitivity and
High Capacitance for Use at High Pressures

Q. C. Xu, S. Yoshikawa, J. R. Belsick, and R. E. Newnham, Member, IEEE

Abstract—A new type of piezoelectric composite has been de-
veloped for oceanographic applications. The composites have a
large figure of merit (d, - g, or d, - g,/tan 8), a large dielectric
coastant (K) and low dielectric loss, as well as great mechanical
strength. A shallow cavity between the PZT ceramics and thick
metallic electrode is designed to coavert a portion of the z-di-
rection stress into a large radial and tangential stress of oppo-
site sign, thereby causing the d,; and d;, contributioas te d, to
add rather than subtract, and raising the figure of merit. The-
aoretical stress analysis was carried out using an axisymmetric
finite element method. Experimental results show that the d, -
£, K and withstandable pressure are extremely high.

I. INTRODUCTION

R many hydrophone applications, there is a great
demand for piezoelectric composites with a high hy-
drostatic piezoelectric charge coefficient (d)), high hydro-
static piezoeleciric voltage coefficient (g,), and high die-
lectric constant (K) as well as a high pressure tolerance.
In the last decade, several piezoelectric ceramic-polymer
composites with different connectivity patterns have been
developed for hydrophone and medical transducer appli-
cations [1]-{4). The advantages of these composites over
ceramics include higher figure of merit d) - g, to enhance
the sensitivity, increased mechanical compliance, smaller
acoustic impedance for matching to water or tissue, and
lower transverse electromechanical coupling coefficieat to
reduce cross-talk noise and improve directivity of the
transducer array. Disadvantages of these ceramic-poly-
mer composite transducers however, are lower dielectric
constant and lower pressure tolerance than their ceramic
counterparts.

Flextensional transducers composed of a piezoelectric
ceramic and a shell structure exhibit good electro-acoustic
performance [5], [6] in which the extensional vibration
mode of a piezoelectric ceramic is coupled to the flexural
vibration mode of a metal or polymer shell. The shell is
used as a mechanical transformer for transforming the high
acoustic impedance of the ceramic to the low acoustic
impedance of the medium and for producing large volume
velocity. Or, when operated in the reverse direction, the

Manuscript received August 15, 1990; revised February L1, 1991; ac-
cepted May 7, 1991. This work was supporied in pan by the Office of
Nava! Research and in part by the Center for the Engineering of Electronic
and Acoustic Materials at the Penasylvania State University. )

The suthors are with the Materiais Research Laboratory, Peansylvasis
State University, University Park, PA 16802.

1EEE Log Number 9102673.

TABLE |
COMPARISON OF g, * d, PRODUCT AMONG VARIOUS
PIEZOELECTRIC MATERIALS

Material d, - g (X107 m?/N)
PZT-brass composite ~ 50,000
PZT ~110
PbTiO, ~ 1,800
Voided Thick PVDF ~ 5,000

large velocity in the medium produces a high stress in the
ceramic. All five types of flextensional transducers de-
scribed in [5] and [6] are designed to operate in the low
frequency range below 10 kHz.

This paper describes a new type of piezoelectric ce-
ramic-metal composite based on the principle of a fiex-
tensional transducer. The basic structure is described in
Section II and has some similarity to a class V flexten-
sional transducer [7]. A computer analysis of the stress in
the composite was performed using the finite element
method (FEM). The stress contours are described in Sec-
tion III. In Section IV, the experimental results are pre-
sented to show that this type of composite can provide
very high d, - g, or d, - g\/tan 5, [8)] together with a
large capacitance and high withstanding pressure. Table I
compares the d, - g, values of the PZT-metal composite
with other commonly used transducer materials.

II. Basic PRINCIPLE

As is well known, PZT ceramics have high d;, and ds,,
but their d, (= dy; + 2d;,) values are only about 45 pC /N
because d,, and d;; have opposite signs. To enhance d,,
we have developed a PZT-metal composite with very
shallow cavities between the PZT ceramic and thick metal
electrodes that convert a portion of the z-direction stress
into large radial stresses of opposite signs, thereby caus-
ing the d,; and d;, contributions to dj, to add rather than
subtract, leading to high d,.

A cross section view of the disk shaped PZT-metal
composite is shown in Fig. 1. The cylindrically symmet-
ric structure is designed to obtain an extensional vibration
mode of PZT, and high hydrostatic pressure tolerance.
The height of the shallow cavity A is less than 150 um.
The shallow cavity allows deformation of the metal elec-
trode toward the ceramic disk by closing the cavity that
reduces stress amplification in the PZT and prevents

0885-3010/91501.00 © 1991 IEEE
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breakdown during shockwaves or very high hydrostatic
pressure. The concept of the stress transformation can be
explained in a simple manner using the cross section in
Fig. 2 and the following equations:

2
n=W%n,&=W%n @
v Aoy _
=g RPN R 3)
d,__ 1
N=fis—0. @)
 Similay
r=N%p, )

hy

The extensional stress is considered as *‘negative’’ here.
Let T, be the x-direction stress in PZT, then
d

T,EP,-Nh—:P,aT, (6)
where P, is the acoustic pressure and N is a stress ampli-
fication parameter; N is approximately equal to 1 /tan a,
where «a is the shallow cavity angle shown in Fig. 2; T,
is the z-component of stress in PZT and is given by

T,= P, V)

The rqsulting polarization is dil T, + dy, T’ + d” Tz&/s.
where S is the surface area of the PZT and §, is the surface
area of the metal-PZT bond.

Therefore

(A max = dyy ﬁ + 24,.[1 - ﬂ]. (8)
s by

This estimate of (dy)aax ¢Xplains the basic principle of
the composite, but the experimental result of d, is much
smaller than (d)).,,, partly because N is much less than

1/tan « for a thick metal electrode.
The basic idea of the composite is to attempt to use both
the d; and dy, coeflicients to obtain hlgh d,. Thick metal

Po
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Fig. 2. Simplified mode! for calculating stress transformation.

plates are used as a mechanica) transformer to transform
the stress direction and amplitude, and also to adjust the
acoustic value from a low impedance in the z-direction to
a high impedance in planar direction.

The lowest vibration mode of the composite is a flex-
tensional mode determined mainly by the stiffness of the
PZT in a planar mode and the equivalent mass of the metal
plate. This equivalent mass is much larger than the real
mass of the metal plate, because the vibration velocity at
the central portion of the metal is much larger than the
reference velocity in the PZT. The operating frequency
range of the composite is dependent on this flextensional
mode that is controlled by the cavity diameter d,, the
height of the cavity A, the thickness of the metal k, and
the stiffness of the ceramic in planar mode.

Since the withstanding hydrostatic pressure P, is an-
other important parameter for the underseas application,
the stress amplification coefficient N cannot be designed
too high. Transducers with large cavity diameters (d,)
have low flextensional resonant frequency, low P, and
high d,.

The capacitance of the composite can be changed by
adjusting the electrode arca on the PZT surfaces, espe-
cially if the stress in the center portion of the PZT disk is
small.

II. STRESS ANALYSIS witH FEM

A theoretical analysis of the PZT-brass composite was
performed using the finite element analysis program, AN
SYS version 4.3 [9], [10]. A one-quarter axially-sym-
metric model is shown in Fig. 3. The mesh contained 640
quadrilateral-shaped elements with 729 nodal points. Half
of them are in the PZT. The triangular points are used to
‘‘pin’* the object and allow only parallel motion on the
boundary when stresses are employed.

To simplify the analysis, the metal bonding layer is ne-
glected, and a hydrostatic reference pressure of P, = 1 is
applied to the model. Fig. 4 shows the stress contours in
the radial (R) direction with a quadrupole pattern in the
brass, and a stress concentration factor of about 20 at the
tip point of the PZT and the brass. In the PZT, there are
only extensional stresses in the radial R direction and very
small stresses in the central portion of the ceramic. The
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Fig. 6. Finite-element model of stress in z direction.

tangential stresses (¢ direction) in Fig. S shows that there
are bending stresses in the brass, and extensional stresses
in the PZT. The stress contours in the z-direction shown
in Fig. 6 indicate that there are undesirable extensional
stresses in the PZT, and the stresses are concentrated with
a factor of about 15 at the tip of the cavity between the
PZT and brass. The stress analysis, which neglected the
PZT-brass interface layer, shows that the material used as
to bond the PZT and the brass should have greater com-
pliance than brass or PZT in order to reduce the stress
concentration factor and to obtain compressive stresses in
the PZT along the z-direction, thereby forming large ex-
tensional stresses in the PZT along the R- and ¢-direc-
tions. A thick bonding layer of a metal with lower elastic
moduli metal leads to higher sensitivity in hydrophone ap-
plications.
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IV. EXPERIMENTS AND RESULTS

PZT-brass composite samples with dimensions (Fig. 1):
d=11mm,h, =1.2mm, h, = 1.1 mm, &k = 100-150
um, and four different cavity diameters d. = 7.6 mm
(large cavity), 5.8 mm (middle cavity), 4.1 mm (smali
cavity), 2.5 mm (very small cavity) were fabricated for
the experiments. In order to obtain a thick bonding layer,
the brass plates were bonded to a PZT-5 disk with the
capacitor electrode silver paste and fired at 600°C for 10
min. Brass was chosen for its lower thermal expansion
coefficient (approximately 15 ppm/ °C). After cooling,
the composite was encapsulated around its circumference
with Spurrs epoxy resin and cured at 90°C for more than
8 hours. The composite was poled in oil at 150°C with a
2.5 kV/mm electric field for about 15 min.

The g, coefficient was determined using a dynamic ac
technique. An electromagnetic driver was used as an ac
stress generator to apply pressure waves to the sample and
a PZT standard, which were kept under a static pressure
(up to 1000 psi (7 MPa)) with a hydraulic press. The
charge produced by the sample and the standand were
buffered with an impedance converter, and the resulting
voltages measured on a Hewlett-Packard 3585A Spec-
trum Analyzer. The ratio of the voitages is proportional
to the g, coefficients. Accounting for the geometries of
the sample and PZT standard, and the stray capacitance
of the holders, the g, coefficient of the sample was cal-
culated. Using the measured values of g,, the hydrostatic
piezoelectric coefficient, d,, was calculated from the re-
lation, d) = ¢ K3,.

A question arises in how to compare the output of this
transducer with other piezoelectrics. Since g, is obtained
from the output voltage and the thickness of the composite
and standard samples, we have chosen the thickness of
composite sample to be the same as the thickness of PZT
disk in order to retain the same dielectric constant as PZT.
Otherwise, g, will be three times less and the apparent
dielectric constant will be three times higher.

The experimental results presented in Figs. 7 and 8
show that large cavity sizes lead to very large d, and g,
values. Moreover, the dielectric constant exceeded 1500
and tan § was less than 0.02S. Fig. 9 shows the relation-
ship between the d3; value, measured at center point of
the sample with a Berlincount d;; meter using the electro-
magnetic driver operating at a frequency of 100 Hz, and
the d, value measured by the method just described. The
dy; value increases markedly with cavity diameter. Fig.
10 shows that the frequency of the lowest flextensional
mode decreases as the cavity diameter increases. There-
fore, the larger cavity diameter composites possess a lower
operating range.

Because the thermal expansion coefficient of brass is
larger than the PZT (approximately S-7 ppm/ °C), com-
pressive prestresses are applied to PZT during the bond-
ing process in R and ¢ directions perpendicular to the pol-
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Fig. 9. The d, dependence of dy, at center point of the disk.

ing direction. These prestresses help to maintain the
polarization in the PZT. Fig. 11 shows that aging under
hydrostatic pressure at 350 psi (about 2.5 MPa) was very

small.

Lastly, a planar asmay was made for testing by embed-
ding four composite samples with large cavities in epoxy
resin (Eccogel 1365-25, Emerson and Cummings, Inc.)
(Fig. 12). The admittance and conductance of the array
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Fig. 10. First flextensional frequency dependence of cavity diameter.
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Fig. 12. Flexible svay iscorporating four composite transducers.

in air and in water presented in Figs. 13 and 14 show that
the lowest fiextensional mode was higher than 30 kHz and
that the resonant peak in water was flat. Since conduct-
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ance exhibit only a weak resonance peak, a flat receiving
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V. CONCLUSION

1) PZT-brass composites with recirected stresses ex-
hibit a very high figure of merits (d, - g, or d, * g:/tan
3) as well as high dielectric constant K, and high with-
standing pressure P,. The composite characteristics in-
cludes values of d, - g» = 50,000 X 10~ m?/N, X >
1400 and P, > 1000 psi. The improved transducer per-
fommcepmmsutobenmpomntmmymvalapph-
catioas, and for detectors for oil exploration and earth-
quake seismology.

2) Larger cavity sizes lead to large d, and g, but lower

operating frequencies.

3) Very litle aging was observed under high hydro-
static pressure of 350 psi.

4) An experimental four-elemeat flexible armay shows
that the Jowest resonance frequency is higher than 30 kHz.
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